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ABSTRACT

Additive manufacturing (AM) technology has revolutionized the production of
structural parts for many industries. AM methods enable freedom in design of a part and
furthermore, make it easier to fabricate a part with tailored microstructure to yieldddesire
mechanical propertieBespite many other benefits, anisotropy in the material properties of 3D
printed parts remains of primary concern. Anisotropy is introduced into parts during the printing
process. This calls for the need to investigatertaterial behaviour of printed parts at different
scales to enable the effective design and analysis of models for 3D printing. The present work
therefore focuses on addressing the material behaviour of 3D printed parts via fused filament
fabrication (FFF)a material extrusion AM process. Four aspects of the problem are accordingly
examined. First, the material behaviour of printed parts with different materials is assessed by
conducting mechanical testing. Second, the mechanical behaviour of printedisparts
characterized using laminate mechanics. Furthermore, the microstructure of printed parts is
characterized, and its influence on the final properties is investigated. Third, computational
micromechanical models are employed to estimate the final mMatemzerties of printed parts
based on the underlying mesostructure. Finally, the computational models are employed to

perform damage analysis of printed parts.

The research work revealed that the final material behavior of printed parts was
governed byheir mesostructure, which was produced during 3D printing process. The behavior
of printed parts resembled that of traditional laminates and therefore, the laminate mechanics
can be employed in preliminary design and analysis. Computational models pradmieate
final properties of parts by considering their mesostructure, and also their nonlinear behavior

under loads. The computational damage model that employed bulk material properties provided



ideal material behavior and the other damage model $kedtnesults of unidirectional laminates
provided actual material behavior of printed parts. In summary, this work presents aiprocess
structuré property relationship for 3D printed parts, and also outlines the mechanics of the
material to characterize theehanical behaviour of the printed parts. Finally, computational

models are developed for the effective design and analysis of models for 3D printing.
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Chapter 1 Introduction and Justification

1.1 Additive manufacturing

Additive manufacturing (AM) is a fabrication procassed tabuild threedimensional
(3D) partsthrough thelayerby-layer depositon of material. AM technologes commonly
referredto as 3D printing, camanufacturea complex3D partthrougha 3D computeraided
design CAD) modelthat instructs the 3D printing machine howfite r i rdéppsga given
material. AM technologiescan be broadly categaed as follows [ASTM F2792} binder
jetting, directed energy deposition, material extrusion, material jetting, powder bed fusion,
sheet laminationand vat photopolymerizationThese advanced fabrication techniques
manufacture parts ithe same way, but the differerebetween themié in the source of heat
(laser, thermal, electron beam, plasma dah&®,mannepf dispensing material (build chamber
characteristics)the number of prinhg axes, andhe state of the material (liquighowder or

filament wire)[1].

Thefabricationprocess used iAM technologies is contrary to conventional machining
processes, whedog material is cuawayd or subtracted to obtainthe final productThe
primaryadvantage oAM technolog is the ability to make 3Dparts with complex geometry
in less timeand with less efforthanthat required irconventional machining processes. Other
benefits ofAM technologyinclude rapid prototyping, minimal or no material wastage, no extra
tooling, efficient design of materials, artle capability of tailoring functionally graded
materials Furthermoregemerging AM techalogiesmake it far easier tdesign a material to
tailor the propertief the final 3D printed partThese processes allaive design of the

microstructure of a materi&b yield a partwith the desired mechanical properties. Design of



the microstructureand hence formation of the fabricated p@rachievedhroughsystematic

deposition of a material layer upon layer.

The manybenefits of AM technologies have led to its increasing popularity in recent
years[2], especidy in the fields of mechanical, aerospace, and biomedical engind8ating
AM processes will be responsible faothing short o& majortransformatiorin how materials
and componentsare designedand fabricatedin the near future However, @spite the
considerablébenefitsof fabricating componentasing AM techrologies, severalchallenges
remain For one,the material properties of the fin@D printed part differ fronthoseof the
initial material[4]. As a resultanisotropy is introduceds a factor influencinthe properties
of the final3D printed partFurthermoreAM is a materiatldependenprocess, meaning that
particular AM technique can onlysecertain materialsFor instance, vat photopolymerization
(i.e.,stereolithography) can onproduce3D partsusingphotopolymersLimited build volume
is another concern, meag that 3D printers can print small parbonly. Other fundamental
challengesassociatedvith 3D printingarethe limits on production size, quality of the prints

accuracy of the printerandthe highcost of the materials aride printers[5].

More recentlyjn response to some the aforementioned challeageaterialextrusion
AM processknown adused filament fabrication (FFRasrisenin popularity 3D printedparts
using FFF are less expensamdpossesgreater durability and robustne3is has led té-FF
3D printers and the materialseyusearegaining agreatershare of thenarketthan any other
AM processThe increasingly widespread useF$iFin the 3D printing of functional parter
industrial applicationsequires thaspecial attentiobe paid to enhancing theliability of these
parts Therefore parts printed vidhe FFFprocessareconsideredn this workfor investigating

theirsstructurd property relatioship. Furthermore, the use of polymer composite materials to



3D printed parts for industry has increased dramatically because of the many benefits associated
with compaite materials. Therefore, the development as well as the printing of composite
materials via FFF is an engamt research trend this field [6i 10]. Additionally, the FFF
process enables the fabrication of sandwich core shapes with different infill patterns, enabling
the user to design different infill patterns to obtain printed parts with the dipsajgertied11].

In addition, different 3D preforms for compositean be designed by varying the parameters

of the printing process to obtain the desired mechanical prop§t@$sNextgeneration
functional composite parts also carfélericated using this printing meth{iB]. Further details

of the printing process and the behavior of printed parts with this method are discussed in th

following section

1.2 Fused Filament Fabrication

FFFis a material extrusioAM processfor printing 3D parts. In this process, plastic
filament is melted i liquefier, and molten material ithenextruded througlanozzle(Figure
1.1). Systematic movement difie nozzle deposits the molten material on bhdd platform
(i.e., bed layer by layer leading thematerialto solidify and diffuse withthe previously
deposited material. The molten matedabosited by th@ozzle solidifies on the bed, which

resemblsa fiber and islsoreferredto asa roado

The mechanical properties of printed parts are governed by their mesostructure, which
is created during the fabrication of the part. The parameters of the printing process, namely
layer thicknesst), depositimn orientation (raster angle®), and gap between adjacent fibers,
are the main factors influencing the mechanical properties of the fabricated part. The standard
printing practice for producing solid volume parts is shown in Figure 1.1b; such printed part

resemble laminate structures.
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Figurel.1. 3D printing of a part via fused filament fabricatigfi-F) (a) FFF process, (b)
material deposition strateggnd(c) 3D printed part

FFF process can also accommodate the composite materials for fabricating composite

parts Traditionally, parts with composite materials have been fabricated either via injection

moulding or vacuum bag moldindgnjection molding can proceshort fibersor chgoped

reinforced polymeric materigfor producing composite partehile vacuum bag molding is

mainly usedfor producing laminated composite pantgh continuous fibersReinforcements

orient randomly in the composite parts produced via injection moldieguling in

unpredictableanisotropicmaterial behavior. On the other hand, the composite laminate parts

produced via vacuum bag moldingquire manuaskill to lay up the laminae Further,it is

difficult to fabricatethe intricate features of partssing laminae.A recent study{14] on

different fabrication methods for composite pardmcludedthat AM technologyis the most

flexible method fofabricatingcomposite partsthe AM process is superior because it reguire



no tooling or special skills, productiors rapid andthe design ofpartsis efficient, withno

limitations on the geometic complexity ofthe finalprintedpart

Now let us considenow partsarefabricated via FFFThe layers of the printed parts
created via FFF containot only extruded thermoplastic materidl which consists of
continuous thermoplastfibersd but alsootherreinforcements such as carbon fibgtsortor
continuous fber)embeddedh the extruded thermoplastic fibekence aprinted part made of
polymer composite filameriehavedike alaminatedcomposite partin the remainder of this
thesis,the continuous extruded thermoplastic fibers of the printed pagtseferredto as
fiextruded fibers or simplyfifiberso and any other reinforcement material (slowtontinuous
carbon fiber) is referretb as fireinforcement®& Occasiomlly, the 3D printed partsare also

referredto asfiprinted laminates.

The behaviar of the composite laminate is the result of the orientatiadhexéxtruded
fibers; the extruded fibermlsohave other reinforcement$he orientation of reinforcements,
such as short carbon fibers, in the extruded $ibkgns with the printing direain of the layers
of the part[15i 17]. The printing technique basically combines two traditional fabrication
methods for composite parts: injection molding and the vacuum bag method for laminates. The
fabrication process fahethree methods is shown in Figur@.IThe layerby-layer fabricéion
of apart via FFF and the orientation of the extruded composite fibers of the layers of the part
are shown in Figure.2c. The layers of thprintedpart are each only one fiber ¢thi whereas
traditional laminae consistf more than one continuouwanforcementacrosstheir thickness.
Furthermore the orientation of the reinforcements in the printed composite laminate part is
known and aligned with the fiber direction of the layers of the part, which is not the case for

injectionrmolded composite pat The orientation of the reinforcements influences the



mechanical behaviw of the printed parts andustbe considered whilestimating the material
properties of the printed partBy combining two traditional fabrication methodbgtFFF
procesonfers composite laminate mechanical behavio printed parts made of composite

material.

Reinforcements
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Figurel.(g.) Fabrication of a composite(bp)art via (a) injection molding, (b) vacuum bag
molding, and (c) fused filament fabrication.
1.3 Technological Gap and Justification of the Study
An important concern related tdhe FFF processis the variation in the material

properties of the printed parSpecifically,the material properties of the final printed hfter
from those of the material used in the manufacturing of thel p8ktAs a resultanisotropy is
introduced during the deposition of the materalisotropy arisebecause of a change in the
mesostructure of the part while it is being printédreover there is limitedunderstanding of
the processstructuré property relationship.This knowledge gapcalls for the material
behaviourof the final printed parts to bevastigated at different scalés from the meso to
the macro levelTherefore, characterization of the material behavid the printed partseed
further exploration Additionally, this thesis characteries the fundamental mechanical
behavour of the printed partsvhen they aresubjeced to mechanical loadsFinally,

computational modelsredevelopedo enable theffective design and analys$ parts for 3D

printing.



1.4 Research Objectives
The overall goal of this thesisis to characterie themechanical behaviw of 3D printed
partsvia FFF as well ago develop computational modeisatcan be used tanalyethe 3D

printed partsThe specific objectives are as follows:

i.  Investigatehe material behavie of 3D printed parts.

Material behaviar of 3D printed partan beinvestigatedby conducting mechanical
testing.Two different materialssotropic and compositare used for printing the test
coupons.Furthermore printed couponswith different layer thicknesss and raster
anglesare usedluringmechanical testing

ii.  Characterize the mechanical behawviof 3D printed parts
Constitutive material behawio of 3D printed part€an be estimatetiom experimental
results using laminate mechanicaminate theorys thenemployedo characterie the
mechanical behaviw of the printed partsAlso, laminate failure criterion is used for
failure analysis of the printed parts.

iii.  Charaterize themesostructureof 3D printed parts and its influence on the final
properties.
3D parts printed \ith isotropic materibas well as composite materae considereih
order toguantifying mesostructural featurés optical microscopés usedo quantify
the mesostructural featuresf 3D parts printed with isotropic material; the features
assessednclude the size andshape of the extruded fiber8D parts printed with
composite material arevaluated in anorphology study using micro-CT scanner.

Microstructural features such aslume percenage of reinforcementsand size and



shape of reinforcenmés are quantified in addition to size and shape of the extruded
fibers.

iv.  Develop computational models for linear material modelingprinted parts.
Computational modelgan bedeveloped to mitigate the problemassociatedwvith
experimental workThe rumerical homogenization technique @mployedin linear
material modeling.To develop this numerical modeh representative volume of
material from the mesostructure of B8 printed parts is considered.

v. Develop computational models foamiagemodelingof 3D printed parts.

Computational modelsan beextendedo performdamage analysis 8D printed parts.
Continuum damage mechanimseemployedn damage modeling of the materialtbé

3D printed parts.

1.5Layout of the Thesis

The thesis consists of eight chapteZhapter 1 introduces the topic andthe main
objectivesof the thesisChapter 2 presents a detail literaturereview ofdifferent aspects of
3D printed partsNext, chapter 3 discusses the material behawi@f the printed parts based
on the results of mechanical testing on printed test couporchaloter 4, the mechanical
behaviar of 3D printed partgs characterizedsing laminate mechanic€hapter 5 presents
the microstructure oBD partsmade ofcompasite materialand characterizedsinga micro-
CT scanner. Therghapter 6 addressethe computational model for linear matdrimodeling
of 3D printed partsfollowed by a discussion thapter 7 of computational models for damage
modeling of3D printedparts.Finally, chapter 8 presentsa summaryof this work Appendix
A contains a detailed list of tkemputational models usédlinvestigae theinfluence of build

orientation on the material behauraf 3D printed parts



Chapter 2 Literature Review

Fused filament fabrication (FFF), an AM material extrusion method, is evolving rapidly

in terms of process, applications, and matefi8s21]. A major focus of the FFF technique is

printing next-generation multifunctional parts using responsive matg@2l Such materials

have broad industrial application and have been used in electronic d@agelsiomedical

devices [24], biomaterials[25], and biomimetic structuref26]. Sensor parts used for
monitoring structural health can also be fabricated via #F29]. Furthermore, the FFF
process allows the tailoring of]612]thmprinteg i al 6 s
method was used to develop composite materials wifdreift multidirectional preforms. AM
techniques can be used to develop and fabricate biological com{886it82] as well as to

design and fabricate biomaterial for prosthel83534]

The AM material extrusion method has thus far been limited to using only
thermoplastics in manufacturing 3D printed parts because of the lowengntelthperature;
however, the properties of thermoplastics are inferior compared with those of metals.
Consequently, a new extrusion AM proc¢35] was recently developed for printing metal
parts. However, the FFF process can only accommodate the fabrication of smaller parts,
meaning that the build volume is limited. 3D printingarfger structural par{86] 6 through
the deposition of larger beads results in the formation of voids and improper fusion between
the layers of the printed parts. Researchers have investigated the fabrication of polymer
composite parts via AM techniques and the resulting issues in the 3D printed parts, such as
homogeneity of the material, porosity, fiber alignment, and interlayer bof@ijglt was

found that modeling and simulation work for predicting the performance of the printed



composite parts is limited, and further exploration in that direction is needed. The following
literature review emphasizes four aspects of 3D printed parts: the influence of process
parameters on the final mechanical properties of the printed parts; the materials used for 3D
printing and their effect on the final mechanical properties of 3D printed past
characterization of the material behaviour of 3D printed parts; and finally, the material failure

behaviour of 3D printed parts.

2.1 Influence of printing parameters on the performance of 3D printed
parts

The quality of 3D printed parts depends on pinecess parameters used for printing
[38]. The right printing strategy and optimal process parameters improve the mechanical
properties of the final part. In addition, the filling strategy influences the mechanical behaviour
of the parts. Researchd9i 51] have investigated the effect of various process parameters,
such as raster angle, layer thickness, infill pattern and density, printing speed, air gap, and
temperature, on the mechanical properbethe final fabricated part. It was revealed that the
properties of the parts are significantly influenced by raster angle and layer thickness.
Furthermore, several recent studies have examined the dependence of the mechanical properties
of printed parton raster angle for different load ca$b2i 55]. The aforementioned studies
were limited to tensile testing of 3D printed parts. Fracture mechanicdla@ktevealed that
the final properties are influenced by bonding strength between adjacent roads as well
between adjacent layers. Bond formation among the roads is driven by the thermal energy of
the extruded materigb7,58] Bonding between the layers as well as between adjacent fibers
governs the performance of the printed d&#&], and the strength of bonding can also be

affected by process parametf88]. However, interlaminar bonding strength can be improved
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by thermal annealin§61]. Surface quality of the printed parts can be improved by vapor
smoothing[62]. The strength and stiffness of printed parts can also be improved by using an
optimization algorithm to selectetoptimal process parametf8]. These experimental works
reveal that the mechanical behaviour of 3D printed partsss@apic and governed by process

parameters.

Experimental studies reveal that build orientation and raster angle have a significant
impact on the properties of 3D printed p§64,65] Parts can be 3D printed in any orientation,
and users choose the build orientation of a model for printing while generatingabeeG
Investigationg66i 68] on the influence of building strategy on the quality of printed parts have
revealed that it has a pronounced effect on the properties and ultimately performance of printed
parts. Orthotropic material behaviour was assessed by conducting experimentts ghapar
were built in different orientationg9,70]. Build time for printing and surface quality also
depend on the build orientation of the p4rts,72] In summary, variation in build strategy of
a model affects the mechanical behaviour of a printed part, resulting in the part having an
anisotropic natw. Computational studi¢g3i 75] of the material behaviour of printed parts are

limited and thus further exploration using multiscale models is required.

Mesostructure plays an important role irtedmining the mechanical behaviour of a
part. 3D printing a part via laydry-layer deposition of material creates a new mesostructure in
3D printed part§76]. The mesostructure of parts printed via FFF is in turn governed by process
parameters such as raster angle, layer thickness, air gap between the adjacent roads, and infill
pattern and density. The presence of vaidbe mesostructure of the part negatively affect the
mechanical properties of the pdit7]. The properties of the part can be improved by

minimizing the presence of these voids and imprg the quality of bonding between the
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fibers. The presence of voids in the printed parts can also be minimized by adding thermally
expandable microspheres into the base material used to fabricate tH&g§jaEsperimental
investigationg79] of the influence of mesostructure on the mechanical properties of printed
parts has revealed that tbeerlap between the adjacent roads provides better mechanical
properties by improving bonding strength between the roads and minimizing void density.
Microstructural features, such as void shape, void density, shape and size of the fiber, and
bonding between the fibers, are also governed by process parameters. tinegerprocess
parameters govern the properties and thus the mechanical behaviour of printed parts. These
experimental observations confirm that, even though the virgin material is isotropic, printed
parts fabricated via FFF develop anisotropic behaviotineir mechanical properties, mainly

due to the process parameters selef@ef

Extensive efforts have been made to understand the nshaip between process
parameters and the mechanical properties of printed parts. Anisotropy in the mechanical
behaviour of printed parts is due to alteration in the mesostructure of the parts by the process
parameters as well as the choice of buildingtstpa Building strategies are also able to
improve the mechanical properties of printed parts. Estimation of the final properties of a
material is important to ensure effective analysis of printed parts. Experimental work has sought
to determine the elastimoduli of the material of the printed p§89,69], but such work is
tedious and time consuming. An alternative approach to determining the elastit afodu
printed parts is by employing computational or analytical methods. The numerical
homogenization method and strength of material approach to finding the elastic moduli of a

material have been discussed8t]. A novel approach to finding the elastic moduli of printed

parts by considering he mesostructure for homogeni zati ol
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function was discussed i[82]. Material behaviour of printed cellular structures can be

investigated usingepresentative volume elemenbdels[83].

2.2 Materials for 3D printing

The materials used in the fabrication of 3D printed parts influence the final properties
of the parts. AM techniques can only procesgain types of materials; the materials available
for AM and their applications are addressed[8di 86]. Thermoplastics are the filament
materials commonly used for printing parts via FFF, and the different applications of these
materials and printing process are discuss¢8788] The material properties of printed parts
can be improved by employing composite filament materials during fabrication. Composite
filaments are made of thermoplastic mater@ntaining other particulates such as carbon fiber
and metal. Composite materials for 3D printing have already been developed by researchers
[891 95] and are widely used in industry. Furthermore, such composite materials provide better
thermal, mechanical, and electrical properf#& 101] comparedvith parts made using pure
thermoplastics. 3D printed parts made of polymeric material reinforced with continuous fibers
exhibit better material properti€s02i 106]. Composite materials are already used to fabricate
3D printed parts, and comprehems work on the fabrication of composite parts and the
composite materials available for printing have been revi¢wid]. The importance of carbon
fiber reinforcements in the materials for improving the properties of 3D printed parts has been
addressed i107]. Furthermore, the properties of parts can be tailored by altereng th
mesostructure (developing cellular structures) while the parts are being ffigd10].
Unlike conventional techniques used to fabricate laminates, FFF can deposit continuous fibers
in the desired direction according to numerical analysis of the 3D model output, allowing the

final printed parto adequately withstand applied loddi$1,112]
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Another factor governing thmaterial behaviour of the final printed parts is the type of
reinforcements used in the composite matdfiaB]. The reinforcements can be continuous
fibers, short fibers, or particulates. Parts printed with continuous fibers have better nachanic
propertieq 103 105] than parts with no additional reinforcements. Design considerations for
improving the properties of 3D printed parts using continuous fibers are discugddd|in
Investigationg115] on the performance of the interface betwtgencontinuous fibres and the
matrix of printed parts reveals that layer thickness affects bonding strength. Parts printed with
short carbon fiber reinforcements have better material properties compared with parts printed
using only polymeric materigll16i 119]. In addition, the reinforcements in the polymeric
material minimize shrinkage issues in the printed p&tstheat treatment of the printed
composite parts can further improve their mechanical propgt2€$ Bonding between fiber
reinforcements and the matrix of the printed parts influences the final properties; the strength
of bonding can be improved by inducing heat to the pd24,122] The orientation of
reinforcements in the printed parts governs the properties of the final part, and their orientation
aligns with the printing directiofi23]. The composite materials used to fabricate printed parts

also tends to promote anisotropic behavid2di 126].

2.3 Material behaviour of printed parts

The naterial behaviour of 3D printed parts resembles that of laminate strugt@gés
129]. Such behaviour is mainly due to the orientation of fibers and the deposition of layers as
the part is printed. The material behaviour of prirgads can be characterized using laminate
mechanics and classical laminate theories. Thus, laminate theory is useful in the behavioural
characterization of printed parts subjected to different loads during stress analysis. The layers

of a printed part bedve like an orthotropic material even though the initial filament material is
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isotropic, and these layers can therefore be treated as a unidirectionatifif@ced lamina.

This means that the roads in a layer act as fibers in a lamina, and sevesaildggther with

the different printing direction behave like laminated composite structures. Therefore, printed
parts can be considered laminated composites for the purpose of characterizing their mechanical

behaviour.

Laminate mechanics can be employ@dharacterize the mechanical behaviour of parts
printed with only thermoplastic filament material and no additional reinforcerflzitis130].
Kulkarni and Duttg128] were the first to apply classical laminate theory for the analysis of
printed parts. Ahn et aJ131] employed analytical models of classical laminate theory, and
TsarWu used the failureriterion for laminates to investigate the failure of printed parts. Li et
al. [129] presented a theory based on vdehsity to calculate elastic moduli of a layer. The
results were validated experimentally, and the mechanical behaviour of the parts was also
characterized using laminate thedRgesearchef$32,133]employed analytical and numerical
methods for estimating the final properties of printed pdie. elastic moduli for the layers
(orthotropic material) of printed part were determined experimentally by Casavolfl804l.
and classical laminatdeory was then employed to characterize the mechanical behaviour of
the printed parts. Alaimo et 4lL34] studied the influence of extrudedbdir size and material
composition of a filament on the mechanical properties of parts fabricated via fused deposition
modelling. Mechanical behaviour characterization of printed parts was also conducted by

adopting classical laminate theory and using tb&i Hill yield criterion.

As is the case for printed parts made without reinforcements, laminate mechanics can
be used to characterize the mechanical behaviour of parts that do contain continuous fiber

reinforcement$102i 105,135,136] The layers of parts printed with short carbon fibers can be
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treated as orthotropic lamina material, and the mechanical behaviour of such parts has been
successfully characteridausing laminate mechani¢s37]. To date, researchers have carried

out experimental characterizatiof eomposite parts printed with material containing
continuous fiber[102 105,135,136]and discontinuous fibef113,116,117,120,123,137]
reinforcements, but material modeling has not yet been attenhteitied literatureexists on

the use of laminate mechanics and laminate theories to characterize the mechanical behaviour

of printed composite parts.

The material behaviour of printed part depends on fiber orientation in the layers,
stacking sequence of layers, and buitgbitation[124,138] The effects of fiber orientation
and stacking sequence of layers in a 3D printed part can be considered in laminate modeling.
However, the effect of build orientation on
using laminate thory, and therefore the influence of built orientation on the material properties
of printed parts needs further exploration. So far, most of the aforementioned studies involve
experimental work, as there has been relatively little work on numerical mgdelletermine

the elastic moduli of 3D printed parts.

Previous work to determine the constitutive matrix of the material of 3D printed parts
has been entirely experimental. Another limitation is that the shape of voids in the
mesostructure of printed pga has not been considered. Moreover, the work available only
considers the calculation of elastic moduli for a constitutive matrix in the plane stress case. The
effect of build orientation on the calculation of the stiffness matrix and the characberiahti
the mechanical behaviour of 3D printed parts using laminate theory was also not considered.
From previous studies, it is evident that build orientation influences the material properties of

printed parts. Therefore, variation in material behavioungwo build orientation should be
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considered when using laminate theory to characterize the mechanical behaviour of printed
parts. A related, unexplored research aemmputation of the stiffness matrix of the material
of a printed part using numerigalultiscale models to account for the impact of different build

orientations.

2.4 Failure behaviour of printed parts

The failure behaviour of 3D printed parts is not consistently exhibited because of the
presence of anisotropy in the properties of the maserisloreover, no single failure
phenomenon is responsible for the ultimate failure of the[pa®]. The failure behaviour of
parts printed with reinforced materials is complex and depends on the reinforcements used
[140]. The complex failure behaviour and anisotropic properties of the final printed material
complicate the design of parts for 3D printing. Therefore, understanding the final material
properties of the printed parts and their falphenomena will allow for effective design and

analysis of parts for 3D printing.

The failure phenomenon of printed parts is complex and due to the anisotropic
behaviour of the material used for fabrication. Studies of the performance of printed gtarts th
are subjected tmechanicaloads reveal that deposition strategy influences the mesostructure
of the final partg138,141,142] and this in turn affects the fatigue life of the parts. The
performance of printed parts and analysis of tlideimage under fatigue loads has been
investigated. Failure analysis of printed parts by Rankouhi Et48] has shown that printed
parts consisting of thin layers are stronger than parts made with thick layemuthbes also
found that raster angle has a significant effect on the properties of printed parts. Failure
behaviour of printed parts is influenced by their build orientdtidd,145] The orientation of
extruded fibers with respect to the loading axis determines the failure behaviour. Fracture
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development and mechanical behaviour of the printed composite laminates is addressed in
[146]. The presence of carbon fiber reinforcements in a polymer filamentsatieanechanical

failure behaviour of printed parfd47]. Damage evolution of multidirectional 3D printed
preforms subjected to compressive loads was assessedl48] to characterize the
microstructure of the parts. Progressive damage modeling of printed parts is presented in
[131,134] Further exploration of the various mesostructural aspects of printed parts made of

different materials is needed to characterize their mechanical behaviour.

18



Chapter 3 Investigation of Mechanical Behaviour
of 3D Printed Parts: Mechanical Tesing

Summary: A comprehensive understanding of the procsisacturé property relationship of

3D printed parts is currently limited. In this work, parts synthesized via fused filament
fabrication (FFF) using two different materials, ABS plastic and ABS veihforced short

carbon fibers (SCF), are subjected to mechanical testing. Test coupons efatidcthin

layered unidirectional laminates as well as bidirectional laminates are printed for tensile and
bending tests. The printed parts are treated asedriaminates. Aisotropy in the material
properties of the 3D printed parts is investigat8gecifically, anisotropic behaviour is
characterized by performing mechanical testing on the 3D printed pignddly, the influence

of mesostructure on the overall mechanical behaviour of the parts is investigated, and the effect

of printing process parameters on the mechanical properties of the parts is explored.

3.1 Introduction

The mechanical behaviour of the printed parts depends on the loads as well as on the
type of material used to fabricate the parts. The behaviour of a material is dependent on its
properties, and the properties are governed by its mesostructure. The ucasestf a part is
produced while the part is 3D printed and is governed by the printing process parameters.
Therefore, to characterize the behaviour of the printed parts, it is important to account for the
materials, the underlying mesostructure, andltaels that are applied. Understanding the
influence of these factors on the final behaviour of the 3D printed parts allows for effective

design and analysis of models for 3D printing.

19



Printing process parameters influence the mechanical properties pfir8Bd parts
[38,44,46,99,143,149]Further, the build orientation of the parts affetheir mechanical
behaviou{66,67,80,150] The influence of such parameters results in anisotropy in the printed
part. The bonding bsveen the layers as well as adjacent fibers governs the performance of the
part[59,151] The printed composite pafts37,146]have a complex failure phenomenon, and
the presence of short carbon fiber (SCF) reinforcements in a polymer affects the mechanical
failure behaviour of the printed par{d47]. Investigation of the failure behaviour of
unidirectionally printed parts[127] confirms the presee of directiordependent fracture
behaviour. However, the aforementioned works focus only on the overall mechanical behaviour
of the printed parts as well as the influence of printing parameters on the parts. Furthermore,
the printed parts are not tredtas laminate structures in most earlier work. A detailed study to
understand the relationship between the printing process and the printed parts as well as
emergent properties has not yet ben explored. Therefore, further exploration of various
mesostructral aspects of the printed parts is needed to accurately characterize their mechanical

behaviour.

The mesostructure of the printed laminates is mainly defined by the materials used for
printing, the size of the fibers, the thickness of the layers, amaditheation of the fibers. These
elements determine the mesostructure of the printed part and in turn govern the mechanical
properties of the part. Therefore, a detailed investigation of different aspects of the
mesostructure of a printed part can helgharacterize its mechanical behaviour. Test results
reveal the mechanical properties of the printed laminates and the behaviour of the laminates
under tensile and flexural loads. Furthermore, test results are useful for studying the influence

of mesostruitire on mechanical properties, which in turn are governed by the printing process.
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The mechanical properties of a lamina can be calculated from the tensile test results; this topic
is discussed in the following chapter. The flexural properties as welledsehaviour of the

printed laminates can be determined from the results of the flexural tests.

In this chapter, experimental test coupons were 3D printed with either an isotropic
polymer (ABS) or a composite polymer (ABS+SCF). The test coupons weralemtsifor
tensile tests, bending tests and interlaminar fracture toughness tests. Parts with different raster
orientations and two different layer thicknesses were printed to investigate the resulting
mechanical behaviour of the parts. The printed parte weated as printed laminates. The
mechanical behaviour of the printed test coupons under uniaxial tensile and bending loads was
examined. The influence of printing direction in each layer, i.e., the effect of lamina layup on
the mechanical behaviour dhe printed laminates subjected to loads was investigated.
Furthermore, interlaminar fracture strength of the printed laminates was investigated under
crack opening mode (Modg. Also, factography analysis was carried out to understand the
failure behavour of the parts; a digital image correlation setup was used to conduct this failure
analysis. Finally, the influence of the composite material on the mechanical behaviour of the

printed parts was studied.

3.2 Methodology
3.2.1Materials used in test coupons

Two different commercially available filament materials were used to fabricate the 3D
printed parts (purchased from 3DXTech, Byron Center, Michigan, USA). Parts printed using
isotropic thermoplastic material (ABS) are termed printed laminates with isotropicahate
simply isotropic laminates. Parts consisting of S€irforced thermoplastic material (ABS
SCF) are termed printed laminates with composite material, or simply composite laminates.
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Stiffness of filament wires from tensile tests found to be ~ 2MBAa for ABS and ~ 4430 MPa

for ABS-SCF filament.

3.2.2Fabrication of test coupons

The dimensions of the test coupons for the tejfé#euraland fracture toughnesases
are presented in Figure 3.1 and Table 3.1. The laminate test coupons were printed for
medianical testing. The coupons were printed with different lamina layups, materials, and
process parameters, and these are presented in Table 3y Téwedz coordinates represent
the global system for a laminate, while the local system for a laminate is indicate®, lapd
3, wherel denotes the fiber direction, a@dnd3 are transverse to the orientation of the fibers,

as shown in Figure 3.1a.

Two signficant process parameters governing the mesostructure of the printed
laminates are layer thickness and raster angle. The raster@rniyldefines the fiber orientation
for the laminate layup, and the layer thickndassgpresents the thickness of thenina of the
printed laminates and also the crggstional size of the fibers (Figure 3.1a). Different types of
unidirectional and bidirectional laminates can be printed by varying these process parameters.
The lamina layup in the printed bidirectionaiimates is balanced and symmetric. Laminates
of two different layer thicknesses are printed, and the thickness of latgira the thick
layered laminate is double the thickness of lamigeof the thirlayered laminate. However,

the thickness of alblyers within a laminate is the same.
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Figure3.1. Dimensions (in mm) of test coupons: (a) tensile test coupon; (b) flexural test
coupon; (c) interlaminar fracture toughness (Mbdest coupon.
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Table3.1. Dimensions of testoupons subjected to uniaxial tensile, bending tests and-mode
fracture tests.

Coupon dimensions (mm)

Laminate type Layup No. L w T TL

Tensile test coupons

Unidirectional 1i4 190 12.7 2.54 38
5 127 25.4 2.54 19

Bidirectional 6,7 200 25.4 2.54 30

Flexural test coupons
Bidirectional 8,9 T=3.17W=13,1 =32T,L =1 + 30%

Fracture toughness test coupons
Unidirectional 10 T=5.08, W=25,L=125&17

Table3.2. Laminate layup, layethickness, and materials used for printing laminate test

coupons.
Layer thicknesst] Filament material
Layu t1= to= ABS-
Laminate type No.  Rasterangleq 0317 0158 “BS scr
Tensile test coupons
Unidirectional 1 0° X x x X
2 30° X x X X
3 45° X x X X
4 60° X X X X
5 90° X x X X
Bidirectional  6a [0°/90°]s X 0 x x
6b [0°/90°]4s o) x X X
7a [45°/i 45°Ts x 3 x x
7b [45°/i 45°ks 5 x x x
Flexural test coupons
Bidirectional 8a [0°/90°/0°/90°/0°% X 0 X x
8b [0°/90°/0°/90°/0°}s o} x x X
9a [45°N 45°/45°f 45°/45° X 0 X X
9%b [45°N 45°/45°f 45°/45°bs O X X X
Mode-I test coupons
Unidirectional 10 0° X o} X x

(where, x denotes printed coupoB8sepresents symmetry layup order)

For each test case, five coupons were printedinStaince, the layup 1 laminate can be
one of two different layer thicknessds &ndtz) and one of two different materials (ABS or
ABS-SCF), resulting in a total of 20 coupons being printed for this case alone, as presented in

Table 3.2. The raster anglgpresents the orientation of fibers in the layers of the laminate along
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the x-axis of the test coupon. This means that the fibers in unidirectional laminate layup 1 are
oriented only along the axis of loading, and in the other cases the fibers aredaféatas to

the axis of loading. The difference in the bidirectional laminates of the same layup order is in
the thickness of their layers. For example, bidirectional laminate layups 6a and 6b have the
same layup order but consist of different layerkhesses. Table 3.2 shows that the layers of
laminate 6a are thicker than those of laminate layup 6b. Two different layup types of
bidirectional laminated crossply [0°/90°], and angle ply [45%/45°],d were considered for
investigation. Laminate test goons for layups il7 were subjected to a uniaxial tensile load
along thex-axis (Figure 3.1a), and layups 8 and 9 were subjected to a transverse load (Figure

3.1b), and layup 10 were subjected to crack opening load (Figure 3.1c).

The other process parametesed for printing were as follows: an extruder temperature
of 235 °C, a substrate temperature of 80 °C, a printing speed of 50 mm/s, 1 shell, an overlap
between adjacent fibers of 15%, and an infill density of 100%.material is extruded through
400 pm diameter nozzle, and the desired thickness of layers can be obtained by governing the
flow rate of material through nozzle and speed of nozzle heaotal of 140 coupons were
printed for tensile testing, 40 coupons for flexural testing and 10 couponstérlaminar

fracture toughness testing on an Ultimaker printer.

3.2.3Mechanical testing

Tests were conducted on an MTS testing machine equipped with a 10 kN load cell for
measuring load. The displacements of the test coupons during deformation were recorded using
a laser extensometer. A digital image correlation setup (LaVision GmbH) wasyeahpluring
tensile testing of the coupons to measure strain in a multiaxial direction. Tests were carried out

at a quasstatic loading rate of 1. mm/min. The mechanical behaviour of the printed laminates
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under two different load casés uniaxial tensilegst and bending tedt was investigated. The
printed parts resemble laminate structures, and therefore test standards follow the ASTM
standards for traditional composite laminates. The test coupons were printed as per ASTM
D3039 for tensile testing, ASTM T264 for flexural testing and ASTM D5528 for Mete

loading.

3.3 Results and Discussion
3.3.1Tensile test results of unidirectionally printed parts

Tensile testing of a printed test coupon is shown in Figure 3.2. The variation in the
mechanical properties of thidyered and thitayered unidirectional printed laminates with
ABS and ABSSCEF is shown in Figures 3.3 and 3.4, respectively. Xraeis ofthe graphs
indicates the fiber orientation of the unidirectional laminates with respect teakie of the
laminate.The y-axis indicates property of laminates, and the standard deviation error bar of
corresponding valuessocan be seen in figureshe stiffness Ex) and tensile strengtiXy) of
the thinlayered laminates is higher than that of the théglered unidirectional laminates. The
laminates with fibers oriented along the loading axis have higher stiffness and strength than the
laminates whassfibers are offingle to the loading axis. Layup 1 laminates have higher stiffness
and strength than layup 5 laminates, whose fibers are not oriented along the loading axis. This
means that the printed parts will have directional properties and thes éileethe main load
taking members of the part. The SCF reinforcements influenced the material properties of the
printed parts. The stiffness of layup 1 laminates printed with composite materialSE&B5is
improved greatly, but not that of other unidiienal laminates. The effect of the reinforcements

on the strength of the printed composite laminates is negative, especially felayfecd
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composite laminates. The anisotropy in the properties of the printed composite parts is

significant and mainlylue to the presence of reinforcements.

2400

2200r

2000r

1800F

E , MPa

1600¢
1400F

1200f

(2)

ABS —=— Thick
—e— Thin

LayupNo.1

0

Figure3.3. Mechanical properties of unidirectionally printed parts with ABS materiaExa)

4400

10 20 30 40 50 60 70 80

90

LayupNo.5

Fiber angleg®

45 T

401
35}
30}
EE 25}
= 20}
><.;15_
10}
5_

(b)

—e— Thin

ABS —=— Thick

0
Layup No.1|

10 20 30 40 50 60 70 80
Fiber angleg®

90
Layup No.§

and (b)X: for thick-layered {1) laminates and thi#tayered {2) laminates.

4000
3600
3200
2800
W< 2400

2000

1600

©
o
=

0
Layup No.

(@

ABS-SCF—=— Thick A
—e— Thin

Fiber angleg®

10 20 30 40 50 60 70 80

45 ——
40}
35}
30}

B 25¢

= 20t

><—H15_
10}

(b)

—e— Thin

ABS-SCF=— Thick

90

Layup No.

0
Layup No.

10 20 30 40 50 60 70 80
Fiber angleg®

9
Layup No.5|

Figure3.4. Mechanical properties of unidirectionally printed parts with ABSF material:
(a) Exand (b)X: for thick-layered {1) and thinlayered {2) laminates.



Next, the effect of lamina layup and layer thickness on the failure behaviour of printed
laminates with ABS material is discussed. The stdssin curves of the unidirectional
laminates made of two different layer thicknesses are shown in Figure 3.5ypesof failure
modes, namely fiber breakage and fiber debonding, were seen in the laminates under tensile
loads. Layup 1 laminates experienced two failure modes, and the other unidirectional laminate
layups exhibited only the debonding failure mode unelesile loads. This difference is due to
the orientation of the fibers in the other unidirectional laminates beiraxdaffto loading, and
therefore a significant amount of load was shared by the interface between the fibers of the
layers. The interfacbas a lower bonding strength than the fibers, and therefore the interface
experiences early failure before breakage of the fibers. This can be observed in trsrstiress
curves for the laminates, with layups52showing more early failure compared widyup 1.
Furthermore, the strain to fracture is higher in dayered laminates than in thidkyered
laminates. The mesostructures of the unidirectional laminates captured using microscope
BX41M-LED from Olympus Corporation, are shown in Figure 3.6. filgher fracture strain
in the thinrlayered parts is the result of stronger bonding strength due to more bonding area

between the adjacent fibers compared with that in the-tayeked parts.
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Figure3.5. Stresgstrain curves of unidirectional laminates for (a) tHigkered laminates
and (b) thinlayered laminates.
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thin layered parts.

The mesostructure of the printed parts will contain voids inherited from the printing
process. The difference in the results for certain thick andakered laminate layps is due
to variation in the size of ctule.dhesipciofdhevoidr t he
in the thinlayered laminate is smaller than those in the thaglered laminate, and the bonding
is stronger between the fibers for laminates with a smaller void size and density. Void size
affects the mechanical behaviour wfidirectional laminates more than that of bidirectional
laminates. This effect could explain the difference in the $ts&ssn curves of the thieland
thin-layered unidirectional laminates as well as the bidirectional laminBtesigh the parts
were pinted with 100 percent infill material, but in reality that the printed parts have voids.
The percentage of voids in a layer is around 7.6 % of its volume in case of thicketdayer (
and 6.1% percent in case of thinner layey, but total void volumen thick and thin layered
parts is nearly same in a printed pdte fracture lines of the five different layups of printed

parts with ABS material then subjected to uniaxial tensile loads are shown in Figure 3.7.
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Figure3.7. Fracture lines of ABS prined parts subjected to uniaxial tensile loads.

Next, the influence of lamina layup and layer thickness on the failure behaviour of the
printed laminates with ABSCF material is discussed. The stis§sin curves of
unidirectional laminates made of two different layer thicknesses are shown in Figui&&
thin-layered unidirectional laminates are stiffer and stronger than thel#tyieked laminates.

The fracture strength and fracture strain of layup 1 laminates is greater than that of the other
unidirectional laminates owing to the orientationib&fs in the other laminates being-affis

to loading. Also, the interface of the fibers in a layer shares a significant amount of load, and
the bonding strength of the interface is lower than the strength of the fibers. This led to the
fracture occurringat the interface of the fibers in laminate layujps.2The presence of SCF
reinforcements in the composite laminates resulted in lower fracture strength as well as fracture
strain compared with the laminates printed with only isotropic material. Figirgsh8ws the
fracture lines of the different unidirectional laminate layuigs. The angle of the fracture lines

of the laminate follows the orientation of fibers in that laminate.
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Figure3.9. Fracture lines of the five different layups of ABBEF printed parts subjected to
uniaxial tensile loads.

The mesostructures of the thicknd thirlayered composite laminates are shown in
Figure 3.10. The size of the voids in the thigered laminate is smaller than those in the thick
layered laminate. In addition, the bonding strength is greater betwe&bettsefor laminates
with a smaller void size, leading to more contact area between adjacent fibers. Void size affects
the mechanical behaviour of the unidirectional laminates more than that of the bidirectional
laminates. Also, the effect is more sigo#nt in the composite laminates than in the isotropic
laminates. This effect could explain the difference in the $ts&ssn curves of the thieland
thin-layered laminates fabricated with ABS and ABSF materials. The size of the voids can

be minimizedwith a lower layer thickness and greater overlap between the fibers. The variation
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in the results for different laminates is mainly due to changes in various aspects of their
mesostructure, including material, size of the fibers, thickness of the lagdrsrientation of

the fibers.

~
e

Figure3.10. Mesostructure of the composite laminates. (a) Fragkered laminates and (b)
thin-layered laminates. Orientation stfiort carbon fiber reinforcements in the fibers of
(c) thick-layered laminates and (d) tHiayered laminates.

In addition to the presence of voids, the composite laminates also contain SCF
reinforcements in the fibers. The SCF reinforcements make the fiber brittle and therefore the
composite laminate brittle. The bonding strength between the fibers as well azehe
layers becomes weaker because of the presence of reinforcements at the interfaces, and this

contributes to the brittleness of the composite laminate. Furthermore, layer thickness has a more
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significant effect on the properties of the composite hatas than on the properties of isotropic
laminates. This effect is due to the fibers of the tiéglered composite laminates having voids
within their crosssection, as shown in Figure 3.10a and 3.10c; however, this is not the case for
isotropic fibersFigure 3.10 shows the presence of voids within the eesBon of fibers of

the thicklayered composite laminates; such voids are not seen in the fibers of tes/éned
composite laminates. Furthermore, thagered laminates contain SCF reinforcetsehat are

more aligned with the direction of the fiber than are the reinforcements in thdaperkd
laminates. These differences result in the tiéglered composite laminates being more prone

to early failure than the thitayered composite lamires.

3.3.2Tensile test results of bidirectionally printed parts

Bidirectionally printed laminates with two different layup orders were tested:-phpss
laminates (layup 6) and angbdy laminates (layup 7). The laminates with layups 6a and 7a are
thick-layeredlaminates, and those with layups 6b and 7b arelély@red laminates. The
common practice in printing the parts is to orient the fibers of the layers perpendicular to each
other in the alternate layers, i.e., the fibers are laid bidirectionally in theslay the printed
parts. The behaviour of the parts printed with such a printing pattern is investigated in this

section.

Now, consider the tensile test results of bidirectional laminates printed with ABS
material. The stregstrain curves of the bidiraonally printed laminates are shown in Figure
3.11. Tensile testing of bidirectional laminates with a digital image correlation setup is shown
in Figure 3.12. The strain distribution just before propagation of the crack in the laminates
subjected to tenslloading is shown in Figure 3.13. The failure strain of the tlagkred
laminates is lower than that of the thayered laminates. Also, failure strain is higher for angle
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ply laminates than for crogdy laminates. The anglgly bidirectional laminate experienced

fiber breakage only, whereas the crpgslaminates saw both failure modes. This means that

the interaction of fibers between adjacent layers of the laminate played a role in sharing the

applied load. Also, the failure is not sudden after thaterial yields elastically; rather, after

stress reaches a maximum, the material deforms gradually with softening behaviour. Then,

sudden failure happens when the applied strain is localized in one region, which leads to

propagation of the existing vadn the printed parts. The thiayered laminates are stronger

and stiffer than the thickayered laminatesand is because of higher bonding strength between

the fibers othin-layered laminates
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Figure3.11. Stressgstrain curves of bidirectional laminates faj ¢rossply laminates andoj
angleply laminates.
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Figure3.13. Strain distribution in the laminates during tensile testing. Flagkred
laminates: 4) layup 6a andh) layup 7a. Thidayered laminatesd] layup 6band €)
layup 7b.

Let us now consider the failure behaviour of the bidirectional laminates printed with
ABS-SCF material, whereby the influence of bidirectional layup order on the mechanical
behaviour of printed parts is demonstrated. The $tséssn cuves of the bidirectional
laminates for crosply and angleply layup order are shown in Figure 3.14. The ciays
laminates are stiffer and stronger than the aptjdaminates, but the failurgtrain of angle

ply laminates is higher than that of thessply laminates. The higher stiffness and strength in

the crosgply composite laminates is the result of the orientation of fibers as well as SCF
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reinforcements in them being aligned with the loading direction. Thdapéred bidirectiona
laminates has higher failure strength and failusérain than the thickayered laminates. The
strain distribution just before propagation of the crack in the glysand angleply laminates
subjected to tensile loading is shown in Figure 3Ttbs strain distribudn in the coupons is

at a data point in the stresBain curves just before thedslen drop in stress, and it is steain

for complete failureThe stresistrain curves of the laminates follow linear and nonlinear
regions while deforming under tensileading. This means that the matrix and SCF
reinforcements deform elastically until the bonds break between them, and then the matrix
deforms plastically until complete failure of the part. The softening region after the ultimate
stress is smaller comparedith the softening region of the laminates printed with ABS material
only. Furthermore, the failure of the printed laminates does not exactly resemble the failure
phenomenon of the traditional polymeric composite laminates, where sudden failure occurs
immediately after the laminate yields elastically. The layup order influences bonding strength
between the layers, meaning that bonding strength at the interface is not the same in
unidirectional and bidirectional laminates. In the sireain curves of thieaminates, note that

the angleply laminates have a higher fracture strain than other layup order laminates. Also, the
influence of bonding is significant in the unidirectional laminates with fibers orienteakisft

to loading. In summary, the mechanipabpertiesd namely strength, stiffness, and fracture
strain d of bidirectionally printed parts are better than those of unidirectional laminates
containing fibers oriented a#xis to the loading axis. This is mainly due to the mesostructure
that was prduced during the printing of the parts. It means that the performance of the printed
parts is governed by the mesostructure, and that in turn is governed by the printing process

parameters.
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3.3.3Flexural test results of bidirectionally printed parts
Threepoint bending tests were conducted on cugsand angleply printed laminates.
The bidirectionally printed laminates with layups 8a and 9a (flaigkred laminates), and those
with layups 8b and 9b (thilayered laminates) were subjected to a begdest. The layup
order of the laminates is presented in Table 3.2. The influence of layer thickness, layup order,
and SCF reinforcements on the mechanical behaviour of bidirectionally printed parts subjected

to transverse loads is investigated in thitisa. A threepoint bending test of printed coupon
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is shown in Figure 3.16. Load versus deflection curves are shown in Figure 3.17 for laminates

printed with ABS material, while Figure 3.18 shows curves for laminates printed with ABS

SCF material.
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Figure3.17. Load versus deflection curves of laminates printed with ABS material: (a} cross
ply laminaes and (b) anglply laminates.
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Figure3.18. Load versus deflection curves of laminates printed with A&F material: (a)
crossply laminates and (b) angfgdy laminates.

The load versus deflectiarurves illustrate that thifayered laminates can withstand
higher flexural load as well as deflection than tHegered laminates. Further, angly
laminates can tolerate more deflection before the final failure than theptydssninates of
the samelayer thickness. Also, laminates printed with ABS can sustain loads at higher
deflection than composite laminates can. The presence of the SCF reinforcements in the
composite laminates significantly influences the flexural properties; flexural stiffisess i
improved, but deflection is reduced. The failure behaviour of laminates printed with ABS
material initially follows elastic behaviour until the peak load is reached, at which point there
is softening behaviour before sudden failure occurs. The failwengbosite laminates follows
a similar trend, but the softening region is smaller than that in the laminates made only with
ABS. This effect is mainly due to the presence of SCF reinforcements in these laminates, which
further promotes brittleness in theminates. Therefore, the composite laminates experience

failure earlier than laminates printed with other material.
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3.3.4Interlaminar fracture toughness test results of unidirectionally printed parts

Interlaminar bonding strength of the printed laminates sessed in this section.
Interlaminar fracture toughness tests were conducted on printed test coupons of layup 10. Test
results reveal the interlaminar fracture toughness of the printed laminates under crack opening
mode. Interlaminar fracture toughnespresents the bonding strength between the layers of
the printed parts. Interlayer debonding (decohesion) of printed parts is also referred as
delamination, which is one of the failure modes in traditional composite laminates. Test coupon
subjecting to crdc opening mode is shown in Figure 3.19. Lo&) Yersus crack opening
displacementd) curves for the test coupons made of ABS as well as-88B material is
shown in Figure 3.20a. Also, Figure 3.20b illustrates the fracture tough@gssefsus
delaminaibn length &) of the coupons. The fracture toughness is calculated based on modified
beam theory as described in the standard. Interlaminar bonding strength for the printed coupons
with ABS material is higher than the coupons made of A&F material. Tls is because of
that the SCF reinforcements influenced the Hager adhesion. The SCF reinforcements have
higher thermal conductivity and that led to the extruded AEF material cool faster.
Therefore, the extrudeABS-SCF material solidified beforediffusing with the previously
deposited material and this caused poor adhesion between adjacent fibers as well as layers.
Thus, the interlaminar fracture toughness of the printed laminates witk5S&BSs lower when

compared to the laminates made of ABSamal.
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Figure3.20. Interlaminar fracture toughness results of printed laminates ivhalde |
loading (a) load versus displacement; (b) fractaughneswyersus delamination length.

3.4 Conclusions

In this chapter, the mechanical behaviour of 3D printed parts subjected to tensile and
flexural loads was investigated experimentally. This avagiso included a study of the impact
of mesostructure on the overall mechanical properties of 3D printed parts. In particular, the
influence of mesostructural features such as the orientation of fibers, layer thickness, and lamina
layup on the properties the printed parts was explored. The effect of SCF reinforcements on
the properties of printed parts was also investigated. To carry out these investigations, parts

were 3D printed unidirectionally as well as bidirectionally with two different layekti@sses
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(thick and thin) and two different materials (ABS, ABE&F) for mechanical testing. The
printed test coupons were subjected to uniaxial loading in tensile tests and transverse loading

in flexural tests. A summary of the test results is as follows:

1 Unidirectionally printed parts with fibers oriented along the tensile loading axis have
higher stiffness and strength than parts whose fibers aemgfé to the loading axis. In
other words, layup 1 test coupons have higher stiffness and strengthayo@nsl
coupons, whose fibers are not oriented along the tensile loading axis. This means that
printed parts have directional properties and that their fibers are the mainelaaolg

members.

1 Two aspects of mesostructure defined by the printing procemsi\pters, namely raster
angle (fiber orientation) and layer thickness, significantly influenced the mechanical
properties of the printed parts. THayered printed parts have better properties than
thick-layered parts. In general, bidirectionally printeats subjected to tensile and
flexural loads perform better than unidirectionally printed parts, especially

unidirectional parts with layupg 2.

1 The material and its constituents used for printing parts influence the final properties of
the parts. In geeral, SCF reinforcements in ABS improve the stiffness of the printed
parts, but strength and fracture strain in ABSF parts are significantly lower than in
parts printed with only ABS material. This is mainly due to the parts printed with ABS
SCF havingnclosed voids within the fibers, which is not the case for parts printed with

ABS material only.
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1 The failure behaviour of printed parts subjected to tensile and flexural loads reveals that,
in general, the parts initially have an elastic region exhifpigilasticity with softening
behaviour before sudden fracture occurs. Unidirectional parts whose fibers are not
aligned with the tensile loading axis have a smaller softening region and are subject to
early failure. This occurs because of lower bondingngjth at the interface of adjacent
fibers compared with bonding strength of the extruded fiber, and therefore the fracture
lines in these parts follow the orientation of the fibers. The presence of SCF
reinforcement in the printed parts causes the formati@nclosed voids, which results
in a smaller softening region in such parts. Furthermore, the SCF reinforcements

weakens the interlayer bonding of the printed parts.

1 Finally, the mesostructure produced in 3D printed parts during the printing process
governs the final material properties of the parts. In other words, anisotropy in the
properties is mainly due to variation in the mesostructure of the printed parts. This raises
an important question regarding the constitutive behaviour of the mateheal pfinted
parts and also the mechanics applicable in the effective design and analysis of structural

parts for 3D printing. This question is addressed in the next chapter.
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Chapter 4 Characterization of the Mechanical
Behaviour of 3D Printed Parts: LaminateMechanics

Summary: In this chapter, the mechanics of 3D printed parts with ABS (isotropic material)
and ABS reinforced with short carbon fibers (ABEF) (composite material) are explored.
The results of mechanical testing from the previous chapter reviade printed parts have
directional properties. However, the constitutive material behaviour of the printed parts was not
explored, and the structural mechanics for characterizing the behaviour of printed parts
subjected to mechanical loads has yet taéened. To address these questions, a detailed
investigation of the material constitutive behaviour and mechanics of printed parts is carried

out in this study.

4.1 Introduction

Constitutive relations are used to capture the behaviour of material in re$pdhse
stress testing of structural parts. In addition, the behaviour of parts subjected to mechanical
loads can be characterized using structural mechanics, which facilitates the design and analysis
of structural parts. The design and analysis of stracparts for 3D printing is challenging
because of their anisotropic behaviour. This anisotropic nature is mainly due to a change in the
material properties of the printed parts. The presence of anisotropy calls for the characterization
of the constitutie behaviour of printed parts. This investigation allows for the effective design

and analysis of a model for 3D printing.

The mechanical behaviour of parts consisting of continuous fibers can be characterized
using laminate mechanifs02,135]. Laminate mechanics can also be employed to characterize

the mechanical behaviour of parts fabricated with only thermoplastic filament material and no
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additional reinforcemen{d.28 130]. The use of laminate mechanics implies that parts printed

via FFF behave like laminate structures. Thus, laminate theory can be employed in the
behavioural characterization of parts subjected to different loads during stress analysis. The
layers of parts faticated with short carbon fibers (SCF) can be treated as orthotropic lamina
material, and the mechanical behaviour of such parts have been characterized using laminate
mechanics[137]. So far, experimental characterization of composite parts fabricated with
material containing continuous fibef102i 105,135,136] and discontinuous fiber
[113,136,117,120,123,13*einforcements has been explored, but their material modeling has
not yet been attempted. Only limited literature exists using laminate mechanics and laminate
theories to characterize the mechanical behaviour of printed composgevgaich is a gap

addressed in the present work.

This chapter begins by using laminate mechanics to characterize the constitutive
behaviour of parts fabricated with ABS or AEBCF material. Then, classical laminate theory
is employed to characterize theeamanical behaviour of bidirectionally printed parts that are
subjected to tensile and flexural loads. In addition, finite element (FE) failure analysis of printed
parts is attempted using the figly failure criterion to reveal the relevance of suchufai

theories for printed parts.

4.2 Mechanics of 3D printed parts
4.2.1 Constitutive relation of materials

Constitutive relation of materials is considered in the analysis of 3D printed parts to
account for their material behaviour. The coefficients of the catiggt matrix are functions
of the elastic moduli of the material. The mechanical properties depend on the microstructure
of the material. The number of independent coefficients in the constitutive matrix depends on
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the symmetry of the microstructure in theaterial planes. 3D printed parts behave like a
laminate structure, with each layer acting as a lamina reinforced by unidirectional polymeric
fibers. Such layers (laminae) of printed parts can be treated as orthotropic material. The

constitutive relatioror an orthotropic material is as follows:

és, 0eC; C, C;, 0 0 O g¢g

| | u

15,1 &, C, Cy 0 0 0 5

is. 1€, C, C 0O O O Ug _

i 33 Fé 13 23 33 u?s ;OI‘{S}—[C]{ ? (4.1)
:I:[23 I éO 0 o C, O 0 g:g

lt, 10 0 0 0 C 0o u

18] e 55 up

ft, 460 0 0 0 0 Cippm

where C,j are elements of the constitutive mat&x The straiinstress relation for an

orthotropic material obtained by imig eq.4.1 can be written as
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The coordinate systefin 2, and3is a lamina (local) coordinate system; akis along the fiber,
axis2 is transverse to the fiber, and afis normal to theli 2 plane, i.e., along the thickness
of the layer. The coefficient§j of the C matrix for an orthotropic material are obtaghby

inverting theS matrix. The constitutive matrix for an orthotropic material contains nine
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independent coefficients. The elastic constants required to describe the material are as follows:

Youngds modul i o f, 2,and8, aegpectivelg,|E,0B) the shear rmoduli
G,,G. G, and P o #,sns 9 Aléosthe remtioiEm s E p (no sum on andj) for

Ij =1, 2,3 and, j holds for orthotropic materials.

For an isotropic materiak;, =E, =&, £, G,=G, =G,, 6, ant,= g =, = Then,

the coefficients in the constitutive matrix of eq. 4.1 become

E(1-n En

C11:C22 :C33 (1 2 )(1 'B

and thestrairi stress relation for an isotropic material is obtained by replacing the elastic

constants in eq. 4.3 with elastic constants of the isotropic material.

The straiiistress relation for lamina in a plane stress case is obtained from eq. 4.2 by

settings,, =0, ¢, 0, ,4# © and is written as

e 0 S8 S 0 4
16, S, S, 0 g8 .o {&=[S|{ ¥ (4.5)
Ilglz i/efé 0 See ull.ljzl

The coefficients of the compliance mati$are available in eq. 4.3. The reduced

constitutive relation of plane stress for an orthotropic material is obtained by inverting eq. 4.5

as follows:

9 % le 0 ﬁ‘
Aszz FQ: Q 0 Gk or {s}=[Q{ ¥ (4.6)
Iltlzile% O Qeeuﬁl
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whereQ, are the coefficients of the reduced stiffness ma&rfer plane stress, given by

— S» _ kB - S n,E _ S B i =c. (4.7
Qll SAlgz' $2 1'/712 /lele ‘% §' 2§ 1- 15721,/7Q22 1§2§ '21§l 12 ﬂ,QG 866 1‘( )

Note that the reduced stiffness matrixos com
constantsEs, Ez, 312, andGa2. This results in the number of elastic constants for an orthotropic

material in a plane stress case being reduced to four. These elastic constants are required to
characterize the mechanical behaviour of printed parts via FFF, as these parts resemble
laminates. These unknown constants can be calculated using tensile test results for three

different specimens, as explained next.

o

2 1L_ 2/,
3 * 5 P AN - /)/
Y, i 17 v

= e ® S

X X

Figure4.1. Uniaxial tensile loading of parts printed unidirectionaliiyh fiber oriented (a)
along the axis of loading, (b) normal to the axis of loading, and (@xaéfto the axis of
loading.
Initially, let us consider a tensile testing scenario in which a test coupon is printed
unidirectionally with the fibers alignealong the axis of loading. The test specimen is subjected

to uniaxial tensile loading, as shown in Figure 4.1a. The properties of the ldming @nd

Xt) can be calculated from the tensile test results for this case:

Ds -e
El = L ’ n12 =2 ) Xt = F{”t (48)
De, €1 A

where€; and &, are the longitudinal strain and lateral strain, respectiviBly;is the ultimate

tensile load; and is the crossectional area of the test specimen.

48



Now, consider a tensile testing scenario in which a tensile test coupon is printed
unidirectionally with the fiber oriented normal to the axis of loading. The test coupon is
subjected to a uniaxial tensiload (Figure 4.1b). The propertisandY: are calculated using

the following equations from the test results for this case:

D5'22 P
E e , — __ult 49
De,, Y A (4.9)

The stiffness properties should satisfy the reciprocaltioel n,/E = 5/E,, Where n,is

obtained from the earlier case amg= - g/ ,4is calculated from this case.

Let us now consider a tensile testing scenario in which a tensile test coupon is printed
unidirectionally with the fiber oriented e#fingle to the axis of loading. In this case, the fibers
are oriented offixis at 45° to the axis of loading (Figure 4.Id)ese test results are useful to

calculate the irplane shear properti€x. andSof the lamina using the modulus,j in thex-

direction:
Ds

E =—2 (4.10)
De

X

The relation between the principdl 2 coordinates and the ngmincipal Xiy
coordinates is established through the transformation matrix, which is useful in this case to

calculate the shear modulGs2. The results are given by

G.= 7 (4.11)
B

Jn
Ny R
J”[H
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The calculation of irplane shear strengthis explained in the latter part of the next
section. For further details about the procedure for calculating the elastic constants of lamina

reinforced with unidirectional fibers, refer {b52] .

4.2.2Classicallaminate theory for characterizing the mechanical behaviour of printed
parts

Figure 4.2 shows a twiayer plate 3D printed via FFF, with the fibers oriented in layers

1 and 2 at 0and 90°, respectively, to theaxis of the plate.

Figure4.2. Plate fabricated with fused deposition modeling in 0° and 90° raster orientation.

The experimental work in the previous chapter revealed that printed parts with ABS or
ABS-SCF material have directional propertiestther, the extruded fibers of a printed part are
the loadbearing members, meaning that parts behave like traditional laminate structures. The
main difference between traditional laminates and 3D printed parts is that the laminae of the
traditional laminag have more than one higkrength continuous fiber across their thickness,
but the layers of the printed parts have only onedtnength polymeric (or composite) fiber
across their thickness. In general, the internal architecture of a part fabricdt€dr vsasimilar
to that of a traditional fibereinforced laminate structure. Therefore, laminate mechanics and
laminate theories are employed here to characterize the mechanical behaviour of 3D printed

parts. The constitutive relation for a lamina wasraf in eq. 4.6 and is rewritten here:
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Refer to Figure 4.2 for the global coordinate systemy,(2) for a laminate plate and the local

coordinate systeni(2, 3) for a lamina.

The displacements for a lamina fraassical laminate theory (CLT) are given as

ux y,2=y(xy +£( xy
V(X Y, 2=¥(xy +£(xYy (4.13)
WX Y, 2= w(xYy

From the KirchhoffLove hypothesis for a thin plate, the rotation terms in eq. 4.13

becomée, = -wy/ X, uf w,/- y. The strains of the laminate are written as

or{gd={ § ={K (4.14)

where &, and ¢}, are midplane strains in the laminate; is the midplane shear strain in the
laminate;k,and k, are bending curvatures in the laminatgjs the twisting curvature in the

laminate; ana is the distance from the mjglane in the thickness direction.

The constitutiverelation for a lamina in laminate @rdinate systenmx(y, z) is written as

es ., a é,(_gll 612 0 gg

1 e = uj —

ls, k&, Q. 0 k. ofs)=g0 g @15
I [~ = u

i Ly y éo 0 Qg 0 g

Whereéu are transformed material constants and the eIemet@samé given as
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Q glrI[QlT]” (4.16)

where|[T] is a transformation matri{T]is defined as follows:

ec® s° 2cs
[T]=¢¢ ¢ 2sc (4.17)
g- cs cs € -8

wherec is €0y, sis sing, andq is the fiber orientation in an anticlockwise direction toxhe

axis. The resultant force and moment per unit width for a laminatewldlers are expressed

as

’I:e.Nxx ,:::I h/2 S?x ,Il:'] n M ‘S;O(,I\e n he

iN, & N Si,, da Sy dz {N}=& fs}az (4.18)
1 T -2 LS 1 k=l p,

Ny y ™l oy N b

My, &N s, 20z ey zdi {M} n{s}zdz (4.19)
1 T -2 4 DS 1 ] k=1 h,

Moy ™ty oy T g %k \

Using eq. 4.14 and 4.15, eq. 4.18 and 4.19 become

n _ é‘kﬂ h&i !
(N} =8 0 @fj{e’} dz + {} zdz (4.20)
k=t en h |

{N} =[Al{]} {B]{K (4.21)

n _ @k 1
{M}=8 & gn{ }zdz+ {1% 3 dz, (4.22)
ksl Bh h, I

{m}=[B]{¢’} {D]{K} (4.23)
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where Nxx and Nyy represent the normal forces per unit width in #handy directions,
respectivelyNyy is the shear forcé¥lxx andMyy denote the bending moments in tfie andxi
zplanesMyy is the twisting moment; and\], [B], and D] are the extensional stiffness matrix,

coupling stiffness matrix, and bending stiffness matrix for the laminate, respectively. The
matrices ], [B], and D] are functions of each lamina stiffness maff®| and the distance (z)

from the midplane of the laminate to the laminas, where the stiffness matrices are written as

N P N _\hml N"_ h(l:
[A]=8 & fidz [B] =4 Qg @Hz[D] =4Q &z@ (4.24)
k=1 hy k2 h k E h,

The midplane strains and curvatures can be calculated from eq. 4.21 andr&@3ye know

the normal force and moment acting on a lamina. A symmetric laminate layup will have
identical lamina material, thickness, and fiber orientation located at an equal distance above
and below the mighlane of the laminate. For a symmetric lanténahe coupling matrixg] =

[0], and therefore there is no extengibanding coupling. Then, the strains for a symmetric

laminate subjected to-plane forces are given from eq. 4.21 as

0

?eXX ,l:] ,:e-NXX ,I

| | -1 |

16, &[AN,, (4.25)
| |

9y Ny,

Strains for a symmetri@minate subjected to only transverse loads are given from eq. 4.23 as
a
| -
, E[D]" M, (4.26)
|
y

Uniaxial tensile loading along theaxis: In the uniaxial tensile test, the load is applied

in the x-axis direction. For laminate thickness N, = hs Nyy,= 0, andNyy= 0. The streds
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strain relation for the uniaxial tensile testsis=E_ &. Using the relation eq. 4.25, the

modulus of elasticity along theaxis direction of the laminate is calculated@bws:

1

T

(4.27)

Flexural loads along the-axis: In the threepoint bending test, the load is applied in

the z-axis direction. For laminate thicknessM, , 0, Myy= 0, andMxy = 0. The relationship

between flexural stress and stiffness is writteElas s / &. Using eq. 4.26, the flexural

modulus of elasticity of the laminate along #axis direction is given as follows:

12

SRR

(4.28)

The elastic modulk:, E>, G2, and3:20f the lamina, which were found from the experimental
tensile test results, can be used in the calculation of matA¢eB], and D]. Then,Exx and

g of the laminate can be calculated using eq. 4.27 and 4.28, respectively. More details about

laminate theory are available[it52].

First-ply criterion for failure analysis of printed parté the firstply failure criterion,
the part is said to have failed when the one of the plies (layer/lamina) of the part meets the
failure criterion. Here, TsaHill failure theory is employed for the preliminary failure

investigation of printed parts. €Hailure criterion for a planar stress is written as

N

(4.29)

x|
”>i: “n
Nn
<.
(7))
wk
N
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Failure analysis is performed using Altair Hyperworks commercial FE software. More details
about FE modeling of composite laminates can be found in the miganua]153]. The outline

of the FE method for thanalysis of printed parts is presented at end of this section.

Special caseA unidirectional laminate with oféxis fibers is subjected to a tensile load.

The stress in that laminate can be written as

s,= §co§ ,s,= gsin ,f,= -gsin gos (4.30)

Upon substituting of the above equation in eq. 4.29, it can be written as

cosg &1 1 . sif g 1
+S o = &gsit g 2T = 4.31
X> 8 X 7SI 93 52 (4.31)

Shear strengt5| can then be calculated from the above equation.

4.2.3Boundary value problem for finite element analysis of printed parts

The strong form of the boundary value problem for the linear elastostatic of a thin plate
can be written as

Six, t f 9 Equilibrium equations (4.32)
t=s;n Traction condition®n boundary surface; (4.33)
u =t Displacement conditions on boundary surféze (4.34)

The straiiidisplacement relation can be given as
6=, Y,)/2 (4.35)
The constitutive relation for a plate with the plane stress problem is given as

{s}=[Q{ ¥ (4.36)
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The strong form of the above boundary value problem can be written as a weak formulation for
the FE model using the principle of virtual displacement (or total potential energy principle),
resulting in the following formulation:
0=fs;, d#EV o fjudVv ok &ds (4.37)

Ve Ve s®
whereV® denotes volume of elemeatind S°is the boundary ot/

The terms in eq. 4.37 can be rewritten with xhg, andz co-ordinate system for a laminate;
SuT % B :xyf 228:yy' 3 & € xyv 2 g/ﬁ eu,ug v, f ‘f f _fy f tz’ and

t=t.t, 3y,t; & Then, eq. 4.37 becomes

gau bef, 0 o Be
o=pi {AF{ }sdxdydz- I (fify dedydz-o &1 f, ufid (4.38)
z |10'W3L/ fl yl z W ml %I )l’

Finite element modelet us write approximations for the primary variabliesvo, Wo,

f.,andf in eq. 4.13 overl/” by using FE interpolations

W=yN,y =¥N. w wN7 EN,7 (4.39)
The above variables can be written{as v, w, £, ;}T =[ N{ ¢ (4.40)

whereN; denotes the shape functions of the FE and matijic@n be written as

[N]=¢

eNN...I\LOO...O
0N N, .. N,

where vectod represents the degrees of freedom and can be written as
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;
{d}={ul o 4N e W W M}f

Strains can be rewritten{a'é :[B]{ d} (4.42)

e’
where [B] :[1 Z] éBl is a derivative of shapel/interpolation functiaisThe stres$gstrain
e

relation for a laminate (refer to eq. 4.15) can be rewritten as

{s}=eQ [Bl{d} (4.42)

Substituting eq. 4.4@1.42 in eq. 4.38we then obtain

o=fi () (Bl @ EBl){ 4 oxaydz- {AFAN{ ¥ dxaydzof FHANA ¢ (443)

o={ad}" (Ki{d} {1} {4) (4.44)
o 1 ={ 1} {ad (.49
where

< g 58 [4 = ee'dlsk oa @ §el g & oG (0] & )gxa
For laminate stiffness matrice&][ [B], and D], refer to eq. 4.24:
{f=h pan: d 1} axdy

we

{o} n N"{$ ds

The mechanical properties of lamina, including the elastic magylEg, 312, andG12)
and strength parameterX:,(V;, and S), are calculated using the tensile test results for
unidirectionally printed parts (layup 1, layup 3, and layup 5), as explained in section 4.2.1.

These properties define the constitutive behaviour (eq. 4.12) of a single layer of a printed part.
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The constutive matrix of the material can then be used to characterize the mechanical
behaviour of bidirectionally printed parts subjected to tensile and flexural loads using classical
laminate theory, as described in section 4.2.2. Finally, the FE failure isnaflysinted parts

is carried out using the firgtly failure criterion for a laminate.

4.3 Results and Discussion

4.3.1Mechanical properties of printed parts

The mechanical properties of the layers of printed parts are calculated, as explained earlier,
using tesile test results of layup 1, layup 2, and layup 5. The elastic moduli and strength
parameters of thickayered and thidayered parts fabricated with ABS material and ABSF
material are presented in Tables 4.1 and 4.2, respectMsly, standard deviemn (+ SD) of
corresponding values providedintabl8s r ai n data for the cal cul at
measured using a digital image correlation setup. The strength parameters of the lamina,
denotedX; andY;, are the tensile strengths longitudinally and transversely, respectivel$, and

is the inplane shear strength. The properkess:2, andX: were calculated from the results for
layup 1, ande2 andY: were obtained from the results for layup 5. The redolt layup 3 were

used for the calculation @12 andS[152]. The elastic moduli of the layers listed in Tables 4.1

and 4.2 can define the plane constitutive matrix, which is useful in the stress analysis of the
printed parts. &rther, the strength parameters of the layers are useful for failure analysis of the
printed parts. The difference in the results for the tharid thin layered laminates is due to
changes in aspects of their mesostructure. The percent differenceproplegties of thick

layered and thihayered parts fabricated with ABSCF is much higher compared with those

of parts made with ABS material. This difference means that anisotropy is higher in parts
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fabricated with ABSSCF material than in parts fabricdteith ABS only. The presence of SCF

reinforcements in ABS material promotes anisotropy in these printed parts.

Table4.1. Mechanical properties of the layers of printed parts with ABS material.
Thick lamina(t;)) Thin lamina )

Ei, MPa 1757.7+29.5  2023.6 +96.8
E2, MPa 1587.3 £ 28.7 1637.6 £129.1
G2, MPa 612.6 +25.1 744.7 £13.9
312 0.35+0.05 0.32 +0.06

Xi, MPa 39.1+0.33 39.6+0.8

Yi, MPa 21.1+11 229+29

S MPa 16.1+25 21.3+14

Table4.2. Mechanical properties of the layers of printed parts with A&F material.
Thick lamina f1) Thin lamina {)

Ei;, MPa  2684.2 + 98.5 4120.4 +72.4
E2, MPa 15457 +9.1 1654.3 £ 90.2
Gi2, MPa 624.7+7.1 770.0£21.6
312 0.34 +0.04 0.32+0.05
Xi, MPa 26.1+0.9 40.7 + 0.6

Yi, MPa 146 +0.3 14.9+0.7

S MPa 11.8+0.6 146+15

4.3.2Mechanical behaviour characterization of bidirectionally printed parts subjected
to tensile loads

Let usconsider the tensile test results for bidirectionally printed parts with two different
layup orders: crosply laminates (layup 6) and angbéy laminates (layup 7). The laminates
with layups 6a and 7a are thitkyered laminates, and those with layupsa@d 7b are thin
layered laminates. Tensile propertiesnamely tensile modulugf), ultimate tensile strength
(Uy), and strain to failure§) & of bidirectional laminates fabricated with ABS material are
presented in Table 4.3 for crggly laminates andn Table 4.4 for angkply laminates.
Similarly, the properties of parts fabricated with ABEF material are presented in Table 4.5
for crossply laminates and in Table 4.6 for anglly laminates. The CLT was employed to

characterize the mechanical betoair of the bidirectionally printed parts subjected to tensile
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loading, as described in section 4.2.2. The tensile modulus was then calculated based on CLT

and validated with experimental work.

In general, the CLT underestimates the elastic modulb&lwéctional laminates. This

discrepancy is due to the fact that the CLT employs the properties listed in Tables 4.1 and 4.2,

which were obtained from testing performed with unidirectional laminates. The properties of

unidirectional laminates, unlike the@sf bidirectional laminates, are significantly influenced by

the bonding strength at the interface of the layers, which consequently yields results that are

inferior.

Table4.3. Mechanical properties afrossply laminates fabricated with ABS and subjected to
tensile loading.

Thick lamina f1)

Thin lamina {2)

Ex, MPa 1783.9+2.7
E., MPa CLT) 1673.0

Uy, MPa 29.7 £+ 0.7

Goly, MPa (FE)  25.2

V] 0.0367 +0.0135
Gy (FE) 0.0135

1953.8 +55.8
1832.4
35.7+0.6

30.3

0.0498 +0.0004
0.0143

Table4.4. Mechanical properties of angfdy laminates fabricated with ABS and subjected to
tensile loading

Thick lamina (1)

Thin lamina {2)

Ex MPa 1790.7+ 16.4 1911.1 £+ 20.9
Ex, MPa (CLT) 1645.6 1885.2
Ui, MPa 28.0+1.3 32.1+0.7
Ooly, MPa (FE) 25.5 31.8
g 0.0435 +£0.0049 0.0592 +0.0081
Gy (FE) 0.0143 0.0158
Table4.5. Mechanical properties of crepdy laminates printed with ABSCF under tensile
loading.

Thick lamina 1) Thin lamina )
Ex, MPa 2863.9+78.7 3311.0+43.1
Ex, MPa (CLT) 2125.9 2909.9
Ui, MPa 23.5 0.5 31.3+0.4
Coly, MPa (FE) 26.0 37.8
V] 0.0158 + 0.0006 0.0214 + 0.000¢
Gy (FE) 0.0097 0.0096
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Table4.6. Mechanical properties of angfdy laminates printed with ABSCF under tensile

loading.

Thick lamina 1)) Thin lamina {)
Ex MPa 2094.6 +43.5 2330.8 £53.6
E., MPa (CLT) 1733.3 2150.5
Ui, MPa 21.7+0.5 27.7+0.4
Gy, MPa (FE) 22.7 31.1
V) 0.0243 £ 0.0011 0.0336 + 0.001:z
Gy, (FE) 0.0105 0.0105

Further, FE simulations for tensile testing of bidirectional laminates were carried out
for failure analysis, and fahat the TsaiHill failure criterion was employed. The laminates
were modeled with 2D PCOMPG finite elements in Hyperworks, and then the uniaxial tensile
loads were applied at one end of the FE model, as shown in Figure 4.3. The FE model was then
simulatedfor failure analysisNumerical convergence of results was verified by simulating FE
models of laminates meshed with different size finite elements. The final FE model has 294
quadrilateral linear finite element8he principal stresses of the ply jadter meeting the ply
failure criterion are shown in Figure 4.4 for parts fabricated with ABS material and in Figure
4.5 for parts fabricated with ABSCF material. The reported stresses are-avamaged
elemental stresses. The principal stragg)(for first ply failure of the laminate and the
corresponding elastic ply straigh() are provided in Tables 4.3 to 4.6. The discrepancy between
the CLT results and experimental results is due to the properties used in CLT (provided in
Tables 4.1 and 4.2), axplained earlier. The properties of the lamina listed in Tables 4.1 and
4.2 were calculated from the tensile test results for unidirectional laminates. The properties
obtained from the test results for unidirectional laminates, especially those madeB8ith
SCF material, are largely influenced by layer thickness, orientation of reinforcements, and
bonding at the interface of the layers. Further, the bonding at the interface of the layers in

bidirectional laminates is not the same as that in the unidinattlaminates. A detailed
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microscopic investigation of these parts can reveal the reasons for the discrepancy in the

experimental and CL-based results. We address this issue in the next chapter.

Constrained Displacements applied

AVA"ﬁVAVﬂ"v‘v
Figure4.3. Finite element model of bidirectionally printed parts subjected to uniaxial tensile
loading.
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4.3.3Mechanical behaviour characterization of bidirectionally printed parts subjected
to flexural loads

Let us consider the thrgmint bending test results for cregsly and angleply printed
laminates. The laminates with layup 8a and layup 9a areldyeked laminates, and those with
layup 8b and layup 9b are tHiayered laminates. Flexural properti&ds namely flexural
stiffness E'x) and flexural strengthl{ ) 8 of bidirectionally printed laminates are presented
in Table 4.7 for ABS material and in Table 4.8 for ABSF material. The CLT was employed
to characterize the flexural behaviour of the bidirectional laminates, as explaisedtion
4.2.2. To do so, flexural stiffness of the bidirectional laminates was calculated using CLT and
then validated with experimental work. The difference between the experimental and analytical
results for the printed laminates indicates that the ratai theory underestimates flexural
stiffness. This inaccuracy is due to the elastic moduli of the lamina from Table 4.1 and 4.2 being

employed in the calculation of stiffness using CLT. The flexural stiffnés}s gnd flexural

strength U.") of thin-layered laminate layups are higher than that of thigiered laminates.

Table4.7. Flexural properties of bidirectional laminates fabricated with ABS material.

E'x, MPa CLTEy, MPa U/, MPa
Thick-layered laminate (1)
Layup 8a 1818.1 +49.5 1698.2 414+ 0.7
Layup 9a 1813.9+17.8 16455 41.1+1.1
Thin-layered laminate (2)
Layup 8b 2382.7+74.0 1875.6 50.5+ 1.4
Layup 9b 2324.5+34.3 18847 52.7+ 0.8

The percent difference between the experimental and analytical (CLT) stiffness values
for the isotropic laminates is smaller when compared with the percent difference for the
composite laminates. This discrepancy is due to the presence of SCF reinfos¢cevhestt

make the laminate stiffer. Furthermore, the flexural stiffness of composite laminates is much
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higher than that of laminates printed with ABS only; however, the flexural strength of the latter
parts is higher. This effect is mainly due to the presef SCF reinforcements in the composite
laminates, which further promotes brittleness in the laminates. Therefore, the composite
laminates experience failure earlier than laminates printed with ABS materialloriiyrther
quantify the influence of theonstituents of the mesostructure of composite parts on the
properties of the parts, a detailed investigation of the microstructure of parts fabricated with
composite material is essential. The microstructure of composite parts is the subject of the next

chapter.

Table4.8. Flexural properties of bidirectional laminates fabricated with ARSI~ material.

E'y, MPa CLTE\, MPa u/,MPa
Thick-layered laminate (1)
Lay-up 8a 3121.6x+ 195 2294.3 38.1x1.2
Lay-up 9a 2330.6 £+ 32.0 1729.7 38.9x+0.7
Thin-layered laminate (2)
Lay-up 8b 4295.4 +86.6 3187.3 51.4+0.9
Lay-up 9b 2864.2+19.0 2144.4 47.8+0.5

4.4 Conclusions

This work began by applying laminate mechanicsetasile test results to calculate the
material properties of printed parts. Then, the mechanics of the printed parts were explored by
characterizing their mechanical behaviour under tensile and flexural Tdeelsnajor findings

of this work are as follows

1 The layers of printed parts behave like lamina reinforced with unidirectional fibers, and
therefore the layers are treated as orthotropic material. Laminate mechanics were then
applied to tensile test results for unidirectionally printed parts to csicuotaterial
propertiesd namely elastic moduli and strength parame@er®f the layers of the

printed parts.
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1 The material properties were then employed in the constitutive relation of the laminate
theory to characterize the mechanical behaviour of biitweally printed parts
subjected to tensile and flexural loads. In general, the laminate theory underestimated
the material properties of bidirectionally printed parts. This is mainly due to the
significant influence of bonding strength at the interfaceadfacent fibers in
unidirectionally printed parts, whose properties were used to estimate the material
properties of a lamina in bidirectionally printed parts.

1 In general, the percent difference between the experimental results and the analytically
estimated results (CLT) is higher for parts fabricated with ABSF than for those
fabricated with ABS only. Furthermore, the difference in the properties ofléyeked
and thinlayered parts fabricated with ABSCF is higher than the difference in the
propeties of parts fabricated with ABS only. It means that anisotropy in the material
properties of parts fabricated with composite material (ZAH3-) is higher than that of
parts made with ABS only. The presence of more highly anisotropic properties in the
composite parts could be mainly due to variation in the constituents, such as the size
and orientation of SCF reinforcements and also their percentage by volume in the

mesostructure of the 3D printed parts.
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Chapter 5 Morphometric Analysis of Composite 3D
Printed Parts

Summary: In the previous chapter, a study of the material behaviour of printed parts revealed
that parts made of composite material (ABSF) have greater anisotropy than those fabricated
with isotropic material (ABS) only. Morphometric analysispointed composite parts using a
micro-CT scanner can uncover the reasons for this discrepancy. In this chapter, the
microstructure of printed parts is characterized, and the influence of the constituents of the

material on the properties of printed paststudied.

5.1 Introduction

Microcomputed tomography (mici@T) is a nordestructive Xray imaging technique
used to study the morphology of a material. Characterization of the microstructure of a material
can be done using a mie@r scanner, whichincludegsuant i f yi ng a materi al O
features. The advantage of this technique is that, unlike other optical and scanning electron
microscopes, CT scanning does not require destructive testing techniques as part of sample
preparation. Moreover, otheratinods also require the cutting, polishing, staining, and coating
of samples. This benefit of CT scanners allows us to view intricate details of the microstructure
of a material in its unaltered state. In addition, higlesolution 2D images and also 3Ddels
can be obtained using a mie@X scanner. 3D models of the microstructure are .stl files and
can be imported using CAD tools. These 3D models are also useful in further material modeling
using computerided engineering (CAE) tools. A mief@T scanneis particularly useful for

composite materials because of its ability to capture the heterogeneity of the material. The
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material properties of composites are governed by its constituents, and therefore the

guantification of these constituents isimpottant o i nvesti gate the mater

In this work, a micreCT scanner is used to conduct a morphometric analysis of printed
composite parts. Constituents of the microstructure of flaipgred and thidayered composite
parts are quantified. There scan data are used to generate a 3D model of the microstructure
for both thicklayered and thitayered composite parts. This study is the first of its kind to

carry out morphometric analysis of composite 3D printed parts using a-@ilcsganner.

5.2Micro-CT scanning

The working principle of a mice€T scanner is shown in Figure §1b4]. The object
of interest is positioned to rotate while exposing it to araygenerator for a specific period
of time. The rays penetrate the object and reach the detector, and then providaytiseadow
2D images containing microstructural informatiabout the 3D object. The images are
reconstructed using an algorithfh54] to carry out image analysis and obtain the desired

microstructural information.

In this study, a SKYSCAN 1272 mici@T scanner (Bruker Corporation) was used to
scan the composite parts. The scanning generates several radiographic images of the filament.
Reconstruction of the i mages was perftsrmed u:
grayscale images of a cressction of the filament. The reconstruction results can be used by
other Bruker programs, such as DataViewer;aalyser (CTAn), and GVolume (CTVol).
DataViewer is used to visualize the craestion of the filament, CTA study morphometry
and also build 3D models of the microstructure, and CTVol to conduct surface rendering of 3D

model s of the material 6s microstructur e.
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Tomography images provide information about the constituents of the composite
material, such as theatrix and its reinforcements, their size and shape, and their orientation
and distribution. Moreover, the scanning images are useful in the construction of the 3D
geometry of the microstructure of the printed parts. Microstructural features such as
reinforcements and voidd including their size, shape, orientation, and distribution in the
material of the printed parts influence the overall properties of the material. Therefore, the

guantification of such parameters is important to estimate the ovespnties of the printed

g -
/

parts.

A Ay

OBJECT

Figure5.1. Working principle of a CT scann§t54].
5.3 Morphometric analysis using a micro-CT scanner
To characterize the microstructure of printed composite parts, the composite filament
used for printing was first scanned. Then, unidirectionally printed parts consisting of two

different layer thicknesses were scanned. The paeasemployed for scanning are presented

in Table 5.1.
Table5.1. Parameters used for mie@l scanning of 3D printed parts.
Parameter Value
Filter None
Resolution 1 em/ pixel

Image size 4904 x 3280 pixels
X-ray voltage 40 kV for filament
35 kV for thicklayered part
30 kV for thinlayered part
X-ray intensity 200 ¢ A
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Let us now consider a composite filament analyzed by ridrecanning. The filament
(2.85 mm diameter, 20 mm length) is taken from the spool supplied by the manufacturer and
then scanned. The composite filament used for scanning is shown in Figure hRoiMetric
analysis of the filament material reveals the size, shape, and distribution of the short carbon
fiber (SCF) reinforcements and their percent volume before the parts are printed. Any variation
in such data after the parts are printed can affechtaterial behaviour of the parts. The high
resolution (1 pm/pixel) 2D images shown in this section were obtained using DataViewer, and

the 3D models were obtained using CTAnN as well as CTVol.

A crosssectional image of the filamentbay micrographs ishown in Figure 5.3. The
black areas in the radiographs are the denser material, representing carbon fiber, and the rest of
the image is ABS material. The SCF reinforcements are oriented along the length of the
filament. The distribution and orientationtbe SCF reinforcements in the filament material is
shown in Figure 5.3b. The length of CF reinforcements varies from 10 to 278 pum. The diameter
of the SCF is around 7.5 pum, and its proportion in the filament material is around 10.60%. The
accuracy of theesults of the morphometric study was confirmed by analyzing filaments of
different lengths (0.2, 0.4, and 1 mm) as well as three filament samples taken at different lengths

of the filament spool.

Figure5.2. Composite flament material used for scanning.
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@

Figure5.3. Tomographic images of a composite material filament: (a) «essonal image;
(b) distribution and orientation of carbéiber in the filament.

Next, let us consider a thidlyered unidirectionally printed laminate for mietd
analysis. A small volume of the material was taken from thedai#red unidirectionally 3D
printed tensile test coupon for scanning. Then, toaq@gc images of the laminate were used
to characterize t he | anpsechoaofnélaninaie vath fouslayersict ur e
is shown in Figure 5.4. The mesostructure of the laminate has triaistpalaed voids (black
dotted lines in Fig.5.4d)etween the adjacent layers. These voids are continuous and exist at
the interface of all layers of the laminate; further, these voids are inherited from the printing
methodology. However, the size of these voids can be minimized by increasing the overlap

between the adjacent roads in a layer.

In addition, the mesostructure has irregularly shaped enclosed voids (black continuous
lines in Figure 5.4a), and these are present within the fibers (extruded filament) of the laminate.
The presence of these enclds®ids within the fibers is the main reason for the lower strength
and stiffness of the thielayered printed parts. Furthermore, the enclosed voids within the fibers

promotes early failure of the thidayered composite parts. The black areas in the enaag
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SCF material, and the gray area is ABS matrix. The orientation and distribution of the SCF
reinforcements (highlighted with red continuous lines) in the tlagkred part can be seen in
Figure 5.4b. Most of the SCFs are oriented in the same dinexdithe fiber, meaning they are
aligned with the printing direction, but some SCFs are not aligned owing to the presence of

enclosed voids within the fiber.

Next, individual fibers of different lengths (0.2, 0.3, 0.4 mm) were selected for
morphometric aalysis by CTAN. The length of SCFs is not uniform and varies from 10 to 276
pum in thicklayered partsThe length distribution of SCFs in a representative volume of
material (RVE, or representative volume element model) of the microstructure of a filament
(red dotted line in Figure 5.4) is shown in Figure 5.5. SCFs with a lengtfi 59 10n represent
around 75% of the volume, and mean length is around 40 um. The percentage of SCFs in the
selected fiber volumes is around 10.50%. A 3D model generated R¥thes shown in Figure
5.6. Microstructural features such as size and shape of the enclosed voids, their distribution in
a fiber, as well as the orientation and distribution of SCF reinforcements can be seen in Figure
5.6. The shape and size of enclosedlvcare irregular. Furthermore, the distribution of
enclosed voids is concentrated in the centre of the fiber, with fewer present at the interface of
the fibers. This means that the interfacial bonding strength between adjacent fibers is not greatly
influenced by the enclosed voids. The enclosed voids also caused a disturbance in the
orientation of the SCF reinforcements in the extruded fibers. In other words, the SCF
reinforcements are not well aligned with the printing direction, especially in the oérnbe

fiber, where the enclosed voids are more concentrated.
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Figure5.5. Length distribution of SCFs in an RVE volume of a tHialiered composite 3D
printed part.
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Figure5.6. 3D models of the mesostructure ah&ck-layered printed part obtained from
micro-CT scanning: (a) orientation of short carbon fibers in the printed part; (b) RVE
model.

Next, the same CT analysis procedure was repeated for a small volume dbgiethial
laminate. The mesostructure oéttaminate obtained from the scanner is shown in Figure 5.7a.
The mesostructure has voids at the interface of the layers, but the enclosed voids within the
fibers are minimal compared with those present in the daipired laminates. The orientation
and dstribution of SCF reinforcements in the fiber can be seen in Figure 5.7b. The SCF
reinforcements are well aligned in the printing direction when compared with their alignment
in the thicklayered laminate. The length of SCF reinforcements varies from 182t um, and
the reinforcements are also spatially dispersed in the fibers. In these printed laminates, the
maximum length of an SCF is approximately equal to the layer thickness, and therefore the
longer SCFs above the layer thickness are subject toifeawhile material is being deposited
by the 3D printer. A fracture occurs because the gap between the nozzle tip and the previously
deposited layer is approximately equal to the layer thickness, and therefore it cannot
accommodate longer SCF reinforcertseihe length of SCFs is not uniform, as shown by their
length distribution in the RVE in Figure 5.8. SCFs with a length ©56QQm represent around
85% of the volume, and mean length is ~32 um. The percent volume of SCF material in the

selected volumefdiber is ~10.30%.
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A representative volume of material (RVE; red dotted lines in Figure 5.7a) was
considered for morphometric analysis by CTAn. The 3D model generated for the RVE is shown
in Figure 5.9. The orientation and distribution of SCF reinforcegsim the thidayered parts
can seen in Figure 5.9a. The 3D model file is an .stl file that can be imported into a commercial

FE package for material modeling of the printed part using numerical homogenization.

Figure5.7. Thin-layered 3Dprinted composite part: (a) mesostructure; (b) esessional
view taken at YY.
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Figure5.8. Length distribution of SCFs in an RVE volume of a ttdgered compositpart.
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(b)

Figure5.9. 3D models of the mesostructure of a thagered printed part obtained from
micro-CT scanning: (a) orientation of SCFs in the printed part; (b) RVE model for
homogenization.
5.4 Conclusions
In this study, a mickCT scanner was used to carry out a morphometric analysis of the
composite material of printed parts (thiglyered, thinlayered). The microstructure of the
printed parts was characterized, and the imidgeof the constituents of the microstructure on
the material 6s properties was r &@vmamdysize, The
shape, distribution, and percentage volume of SCF reinforcedewssre quantified. Further,
3D microstructural radels were generated using the mi€® scanner. The microstructural
data for printed parts and 3D microstructure models obtained from the CT scanner are useful
for material modeling. Finally, this study unveiled the following reasons for the difference

between the material properties of thidnd thirlayered composite printed parts:

1 Continuous voids are present at the interface of the layers of #mckthinlayered

printed parts. Moreover, irregularly shaped enclosed voids exist in the fibersksf thic
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layered parts but not that of thiayered parts. The enclosed voids in tHigiered
composites parts lead to poorer properties compared wittetyened parts.

The orientation of SCFs is well aligned with the printing direction (fiber orientation) in
thin-layered parts, but that is not the case for tiéglered parts. The reason is that the
enclosed voids in thickayered parts cause a disturbance in the orientation of SCFs with
the printing direction. Variation in the orientation of SCFs in thalered parts
promotes anisotropy.

The length of SCFs is not uniform in printed parts. Length varies from 10 tar27i6
thick-layered parts and from 10 to 152 um in thagered parts. The maximum length

of SCFs is lower in thitayered parts, and for that reason the lamina ofldyared

parts are subject to fracture. Furthermore, the mean length of SCFs is 4Ghiok-in
layered parts and 32 um in tHiayered parts. Moreover, the length distribution in thick
layered and thilayered parts is not the same: the percentage of SCFs with a length of
10i50 pm is ~75% in thickayered parts and 85% in thiayered parts. &h
differences in the length of SCFs results in anisotropic material properties. However,
the SCFs are spatialtlispersednd their volume percentage in ABS material is nearly

the same in the printed parts.
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Chapter 6 Numerical Homogenization of 3D
Printed Parts

Summary: The fi nal materi al properties of printec
which is produced through layby-layer deposition of material during the 3D printing process.
Assessing the final properties of printed parts experimentatidious and time consuming.

These issues can be mitigated by employing computational models instead. In this work, the
homogenization computational method is used to estimate the final material properties of parts

fabricated with ABS as well as ABSCFmaterials.

6.1 Introduction

Anisotropic material behaviour of printed parts is the result of variation in
mesostructure, which is produced through laygfayer deposition of material during the 3D
printing process. The mesostructure governs the ovprafierties of printed parts. These
mesostructuresonsist of the size, shape, and orientation of fibers; the material (isotropic or
composite) of the fibers; the shape and percent volume of reinforcements in the fibers of
composite material; and the voioidherited from the printing process. Any variation in these
features of the mesostructure greatly influences the final properties of printed parts. Moreover,
the printing strategy can define the archite
which means that the printing strategy also governs the material properties of printed parts.
Consequently, the mesostructure of the material used in 3D printing can be tailored to obtain
the desired material properties. During design and analysis of isdqra8D printing, the final
material properties and constitutive matrix must be considered to account for the final behaviour

of the material. Therefore, the final constitutive matrix needs to be estimated. Experimental
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determination of the final propes of a 3D printed part for different mesostructures is tedious
and time consuming. Multiscale methods are the more efficient alterndtbfg156]
Analytical multiscale methods such as the Mdenaka model are limited in their modeling of
RVE (representative volume element); any such limitation can be mitigated by using
computational naltiscale model$157]. In this work, the computational method known as the
numerical homogenization technigué8] is used to perform material modeling of 3D printed

parts in order to estimate the final material properties of the parts.

When mechanical testing has been used terahe the material behaviour of printed
parts[130], the results of these tests have revealed that the behaviour of the layers of the parts
is orthotropic. Researchers have also attempted to experimentally characterize the mechanical
behaviour of printed ptg[70]. Analytical method$49,129] such as the rule of mixtures, have
been used to determine the overall material properties of the layers pfir8®d parts.
However, these past efforts to define the constitutive matrix of the material of printed parts
have been experimental. Moreover, the effect of the shape of voids in the mesostructure was
not considered, and therefore the experimental sesuét applicable only to parts fabricated
with isotropic material. In addition, these published works have calculated the elastic moduli
for a constitutive matrix only in the plane stress case. However, computational methods for
estimating the overall maial properties of 3D printed parts have yet to be explored. To
address this gap, computational methods are applied to material m@delisigg data on the
constituent properties of the microstructure of the partto determine the overall material

propeties of 3D printed parts.

This chapter describes the procedure for computationally estimating the material

constitutive matrix of parts fabricated with either ABS or ABGF material. To do this, the
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numerical homogenization technique is applied to thi& Rf 3D printed parts. Then, finite
element (FE) modeling of the RVE of printed parts is presented. FE modeling of the RVE of
composite material employs the migtd data from the previous chapter. FE models of the
RVE for thicklayered and thhtayered purts made with either ABS or ABSCF material are
employed in simulations. The simulation results are then used to calculate the constitutive

matrix for the layers of the 3D printed parts.

6.2 Homogenization method for 3D printed parts

Let us consider the mestructure of 3D printed parts. The basic constituents of the
mesostructure are the size, shape, and orientation of the extruded fibers; voids inherited from
the printing strategy for parts fabricated with only isotropic (ABS) material; and the size, shape
and orientation of reinforcements (SCFs), as well as their percent volume, in the mesostructure
of parts fabricated with composite (ABSCF) material. In general, for composite parts, the
SCF reinforcements are transversely isotropic, and the rest witieeial in the mesostructure
i's i sotropic. The properties of a composite
properties and their volume fraction. The mechanical performance of parts fabricated with
composite material depends on many varialles:choice of constituent materials and their
volume fraction, fiber orientation and ply stacking sequence, number of laminae, lamina

thickness, and lamina architecture.

To produce reliable 3D printed parts, the printing strategy must be modified soethat
resulting parts have the desired final properties. The desired final properties can be obtained by
varying the constituents, their volume percentage, or both and by changing the printing strategy
to further tailor the mesostructure. The final progsrtof parts fabricated with composite

materials are calculated using micromechanical models based on the known properties of the
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material constituents. Since a printed part is considered a continuum, a small volume is taken
from the mesostructure of a piel part for material modeling. This small volume is known as

a representative volume element (RVE), or unit cell, and represents the periodic architecture of
a printed part. The prediction of the effective stiffness matrix (elastic moduli) of the ldyers o

t he printed parts from the mesostructure
homogenization. There are two types of homogenization methods: analytical and numerical.
Micromechanical models are also useful for damage analysis. The detailed peofdu

constructing a micromechanical model is explained below.

To carry out numerical homogenization, the RVE is considered from the periodic
architecture of the 3D printed part. The RVE consists of the constituents of a composite
material, namely the SGFand matrix, as well as the voids inherited during the printing process.
The RVE of a printed part (Figure 6.1) is taken from a single layer of the part, as each layer is
considered orthotropic material, meaning that the layers of the printed partsateel iike
orthotropic laminae. The numerical homogenization technique estimates the effective
constitutive matrix of the layers of the composite printed part using the properties and geometric
features of the mesostructural constituents. The mechanicsraigenization for a composite

material are presented below.
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Figure6.1. Representative volume element (RVE) of a composite 3D printed part.

In the homogenization method, the RVE is treated as a macroscopically homogeneous
orthotropic material. The RVE is defined by local coordinate sysiem, andxs, which are
aligned in the direction of the length, width, and thickness, respectivehg pfinted laminate.

The stresses; and straing, are the local fields at a point in the RVE. In a macroscopically
homogeneous RVE, the macroscopic fiefdsthat is, the average stressg€s and average
strainsg, 8 are computed by averaging the local stresses and strains over the volume of the

RVE (Vrve), respectively. These are given as
€% %, %) dV (6.1)
\

The average stress of a fiber and matrix are written as

1 ~ =m 1 ~
5/ = A§0u % %) dV, 5=} §(X,%, %) dV (6.2)
Vf Vi Vme

Similarly, the strains are given as
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I o
& =, A dv, §'=
f

Vi

1 €% %, %) dV (6.3)

m

3<|'—‘

wheref andmrepresent the fiber (SCF reinforcements) and matrix (ABS), respectively, in this

model. The relationship between the fiber and matrix averages and the overall average are given

as
&=V, & ¥ (6.4)
5=V _ﬁl N, S (6.5)

T
U ZE nu; U ¢ (6.6)
The strain energyl) calculated for the homogeneous RVE using a homogenized modulus is

U =

N

§ij _I‘;é‘/RVE (6'7)

The main principle of the homogenization model is to find a globally homogeneous medium
equivalent to the original microscopically heterogeneous material, where the strain energy

stored in both systems is approximately the same. That means
uU'=u (6.8)
The elastic constitutive relation of the material for a homogenized RVE is given as

{s}=[cl{® (6.9)
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where ] is an effective constitutive matrix of the orthotropic material

é,(:11 Co G5 O 0 0
é-12 Cp Cyu O 0 0

€)= Cs Cs 0 0 0 (6.10)
c0 0 0 C, 0 O
€0 0 0 0 C, O
é
g0 0 O 0 0 Cg

and thecompliance matrix$] can be written as
é, ]/El 'nlz/E1 'QS/El 0 0 0
e
é an/El ]/Ez '/23/ E, 0 0 0
é& -
6 O 0 0 1G,, 0 0
2 0 0 0 0 1G, O
g O 0 0 0 0 1G,

where [] is equal to §]'!, as mentioned earlier. The unknown elements in the constitutive

matrix of eq. 6.9 can be calculated by solving for different load cases.

Boundaryconditions: A periodic microstructure is present in the printed parts, and
therefore the RVE is subject to periodic boundary conditions. These conditions represent the

continuum of the physical body. The displacement field on the boundary of the RVE can be

expressed as

U(%: %, %) =6 X +HI(X% % %) (6.12)

where € is a constant strain tensor. The first term on the right side of eq. 6.12 represents a

linearly distributed displacement field, and the second term on the righﬂfiib%exz, X), is a
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periodic function from one RVE to another. The periodic funatiom eq. 6.12 is unknown,
and therefore the displacement cannot be directly applied to boundaries of the RVE. These
periodic boundary conditions are suitabde parallelepiped RVE models. The displacements

on the pair of parallel opposite boundary surfaces is written as
o .
Wr=efx " 4y (6.13)

u" =X H (6.14)

where the indiceg+ andji identify a pair of two oppote parallel boundary surfaces of the

RVE. The ui* is the same as two parallel boundaries owing to periodicity. Therefore, the

difference between the above two equations is
uw -y m (T %) i%ﬁ X (6.15)

The right side of the equation becomes constant, szméare constants for each pair of the

parallel boundary surfaces with specifie,a. Equation 6.15 is easily applicable to FE models

as a nodal displacemertonstraint and also guarantees traction continuity along with

displacement continuity for a periodic RVE mofE39].

Boundary value problemA boundary value problem is solved using the FE method.
The numerical (FE) models are well suited to determining the effective stiffness of
heterogeneous materials, because there is no restriction on the geometry, number of phases, or
size of the phaseb FE-based micromechanical models, the prediction of effective properties

is done using the RVE (i.e., unit cell). Equation 6.9 gives the relation between average stresses
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and strains over the RVE volume for a homogeneous composite material. From diisnequ

the effective stiffness tens@ is calculated. To evaluate the stiffness tensor of composite
material, the RVE is subjected to six different straﬂﬁs The six components of stra'&ﬁ (i)

=1, é, 3 gpplied,r enforcing the displacement boundary conditions. stitaén on the
boundary resultgn complex state of strain inside the RVE. The components of the E€rser

determined by solving six elastic models of an RVE subjected to the boundary awditi
where only one component of straiﬁ-)l is different from zero for each of the six problems. An

FE model for an RVE subjected to unit strain is prepared for six different strain load cases for
analysis. The results of the analysis enable us to compute the stress faeld strain fielde,
, Whose averages are useful for calculating the unknown values of the effective constitutive

matrix, one column at time.

The strong form of the boundary value problem for linear elastostatic is written as

S, tf 9 Equilibrium equations (6.16)
t =s;n Traction conditions on boundary surface (6.17)
u = IE Displacement conditions on boundary surfgce (6.18)

The straiiidisplacement relation is given as
2 :(L|Xj Jujxi)lz (6.19)
The constitutive relation for a fiber and matrix is given as
{s'}=ec’ ¢} (6.20)
{s=gc™ fg&} (6.21)
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The strong form of the above boundary value problem can be written as a weak formulation for
the FE model using the principle of virtual displacement (or total potential energy principle).

We then obtain

0=fs;, d#EV o fjudVv ok &ds (6.22)
Ve e €

\% S
whereVv*® denotes the volume of elememntind s°is the boundary of##. Let us now write

approximations for the primary variablesover the W by using FE interpolations.

The variables can be written as

Ny (6.23)

<
]
.QJ::

j=1

wherei represents subscript of primary displacement variable for 1 to 3 alon), @dsd3.
n denotes the number of nodes of a finite element pfingary variables in vector form can be

written as

{u}=[N]{d (6.24)

whereN; denotes the shape functions of the FE. The mal]xf¢r a 3D continuum finite

&N, N, . N, 0 0 .. 0 0 0 0
element can be written :{1&]220 0 O N N, .. N 0 0 .. 0
g0 0 0 0 0 ON N, ..N

Vectord, which represents the degrees of freedom, is written as

T

{db={u .. ¢ & .. & 4 .. g

Strains can be rewritten as
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{g=[B]{d (6.25)
The stresisstrain relation of a material of an FE can be rewritten as
{s}=[cT[Bl{d (6.26)
where superscrip denotes the material of an FE, fibre, or matrix.

Substituting eq. 6.24 to 6.26 in eq. 6.22, we obtain

0= oy (o] [CIT8)(d ov- ('[N} ovel R Wi} (6.27)

o={ad}" (K} {1} {4) (6.28)
< @t={r} {a} (6.29)

6.2.1Homogenization of an RVE from a printed part with ABS material

The layers (laminae) of printed parts are treated as an orthotropic layer. Therefore, an
RVE is considered from a layer of the printed parts for homogenization (Figure 6.2). Table 6.1
provides the measurements of an RVE from a layer of dhipdred printd parts as well as

from a layer of thidayered printed parts. The sizes of the RVE are obtained from microscopic

images of the printed parts.

Ax,

D

b 4

Figure6.2. Dimensions of an RVE from the layer of a prinfet.
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Table6.1. Measurements (ipm) of an RVE from thickayered and thitayered printed parts
with ABS material.
(00,61 g2 X3 ch d2 ds
Thick-layered laminate 200 470 310 160 72 72
Thin-layered laminate 100 235 155 82 12 42

6.2.2Homogenization of an RVE from a printed part with ABS-SCF material

In this case, the mesostructure consists of both ABS material and SCF reinforcements.
Certain features of the printed part, including the size, shape, orientation, and distribution of
SCF reinforcements in addition to their percent volume in the RVE fisemtiy influence the
material properties of the printed parts. Therefore, m&Fo scanning data on the
mesostructure of the composite printed parts, which was obtained from work presented in the
previous chapter, is also used here. Moreover, the 3D iRdEels obtained from the scanner
are useful in the FE modeling of an RVE from composite parts for homogenization. The 3D
models require some additional peptocessing for FE modeling of an RVEor
homogenizationThe procedure is described here for priggathe 3D model of an RVE for

homogenization.

The 3D RVE model of the mesostructure of composite parts is first imported into CAD
software, after which geometry cleanup is performed (Figure 6.3a). When conducting
homogenization with periodic boundary cdrahs, the opposite faces of the RVE should be a
mirror image of one other. This periodic geometry is achieved by cutting the protruding SCF
reinforcements along the boundary surfaces. Then, the SCF reinforcements are made to appear
on the opposite boundasurface of the RVE (as described1%0]). The face 12i 3i 4 of the
RVE has protruding SCF reinforcements (red color in Figure 6.3b); it is cut and then made to

appear on the opposite facé §57i 8) of the RVE (Figure 6.3c). This process is repeated for
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faces that have protruding reinforcemefitse opposite faces of the final RVE will be a mirror
image of one another. The final RVE (Figure 6.3d) is used for FE meshing. The dimensions of
the RVE for thicklayered and thilayered composite printed parts are not the same, and thus
the measuremenise taken from the scanner. Table 6.2 provides the measurements of the RVE

from thick-layered as well as thilayered composite printed parts.

The following assumptions are made about the FE model: perfect bonding exists
between adjacent fibers and alsivieen the SCF reinforcements and ABS matrix; the fibers
are uniform in shape and size in the mesostructure of the printed part; the SCF reinforcements
are uniform in diameter; and finally, the SCF reinforcements are perfectly aligned in the
orientation ofthe extruded filament, and the reinforcements are positioned without overlapping

one another.

Table6.2. Measurements (ipm) of an RVE from thickayered and thitayered composite
printed parts with ABSSCF material.
X1 X2 X3 (o} d2 ds
Thick-layered laminate 80 470 310 160 72 72
Thin-layered laminate 64 235 155 82 12 42
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Figure6.3. RVE of a composite part: (a) imported RVE; (b) RVE wtiotruding SCF
reinforcements; (c) RVE with periodic geometry; (d) RVE for FE meshing.

6.3 Results and Discussion
The RVEs are modeled with linear tetrahedron FEs in Altair HyperMesh. The FE meshing is
done in such a way that the nodes of elements on opposite boundary surfaces of the RVE are
suitable for periodic boundary conditions. Then, homogenization is done Adiiaig
HyperWorks commercial FE tool. The mesh dependency is avoided by modeling an RVE with
smaller FEs. The RVE is subjected to six different strains, applied individually using periodic
boundary conditions (eq. 6.18). That means six different load easgrepared for six unique
strains to determine the unknown elements in the constitutive niatiike strains applied to

the RVE in the present analysis &g 8, € 1» €5 &= 04C( The linear material properties

used in the linear material modeliofthe printed parts are provided in Table 6.3.
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Table6.3. Properties of materials used in FE modeling.

Properties
Carbon fibef161] Ei= 225 GPak>= 15 GPaGi2= 15 GPaG23=15 GPagi2= 0.2
ABS[129] E=2.23GPa3=0.34

6.3.1FE model of an RVE from a part fabricated with ABS material

Let us consider the RVE from the layer afhéck-layered printed part fabricated with
ABS material. The FE model for this case is shown in Figure 6.4. The linear material properties
of ABS material (Table 6.3) are considered in the analysis. The FE model is simulated for
homogenization of the matel, and unknown elements of the orthotropic constitutive matrix
are calculated (see explanation of this process in section 6.2). The elements of the constitutive

matrix are presented in Table 6.4.

Figure6.4. FE model of an RVE from thiclayered parts fabricated with ABS.

Table6.4. Constitutive matrix Cij in MPa) for layers from thickayered parts fabricated

with ABS.
C 11 22 33 23 13 12
11| 28215 11658 1176.7 0.0 0.0 0.0
22| 1165.8 23559 1073.1 0.0 0.0 0.0
33| 1176.7 1073.1 2387.8 0.0 0.0 0.0
23 0.0 0.0 0.0 644.9 0.0 0.0
13 0.0 0.0 0.0 0.0 681.7 0.0
12 0.0 0.0 0.0 0.0 0.0 679.6
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The elastic moduli of the orthotropic material can be calculated from the constitutive
matrix using eq. 6.11. The elastic moduli for the layers of the daired printed part are
provided in Table 6.5. The values obtained in the present study usingcalinemogenization
are compared with the elastic moduli derived from experimental work (available in the
literature; Table 6.5). The elastic moduli from the experimental work can only be useful for the
constitutive matrix of the plane stress case. Tkegt numerical results are comparable to the
results of the experimental work. The difference between the results of this study and the
experimental results (obtained from the literature) is mainly due to the difference in the process
parameters employeturing the printing of the test coupons. This difference is also due to the
mesostructure represented in the present FE model not being an exact replica of the
mesostructure found in the test coupons from the experimental work. It is also assumed in this
work that the bonding between the adjacent fibers is perfect, but in reality perfect bonding is
not possible in printed coupons. However, the present analysis is an alternative to performing
experimental work and provides accurate results that are higimgagable to those obtained
from experimentation. Furthermore, unlike experimental work, this analysis yields all nine

independent elements of t@amatrix.

Six different load cases for an RVE subjected to six unique strains were simulated for
analysis. The stress contours of the RVE for these different load cases are shown in Figure 6.5.
The maximum stress in all deformation cases occurs at the interfdmefdidrs, because less
material is present at the interface. Therefore, the weakest section in the mesostructure is the
interface, and it is therefore more prone to the initiation of a crack during mechanical loading.
In all load cases, the interface regiof the fibers has higher stress. Furthermore, stress is at a

maximum for the case of applied strain whege, 0. Therefore, debonding between the fibers
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can occur owing to such loading, a phenomenon that could ultimately leatlite &dithe 3D

printed parts.

Table6.5. Elastic moduli Ei andG;j; in MPa) for layers of thickayered parts fabricated with

ABS material.
Experimental results

Homogenization Ref. Ref. Ref. Ref.

(present study) [129] [39] [130] [134] Present study
E. 2025.1 2030.9 1972 1790 1810 1757.7
E, 1692.6 1251.6 1762 1150 1695 1587.3
E, 17133 0 0 0 0 0
G, 679.6 410.0 676 808.5 617 612.6
G, 681.6 o} 0 0 o} 0
Gs; 6449 o} 0 0 o} 0
n, 034 0.34 0.37 0.34 0.32 0.35
n; 034 o} o} o} o} o}
n,;  0.30 o} 0 0 o} 0

Contour Plot
Stress(vonMises)
Analysis system
Simple Average

(2)8,=001"8, € 12,84, £ =C
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Stressivoniises)
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(C)8,=00L78 4 8 £ =
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Mult\pl\er: 4

(b)e, =00 "¢ £ 1,8 g =C
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StressivonMises)

Analysis system
Sirple Average
Multiplier = &
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[25 7
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Figure6.5. Stress contours for six load casesdnrRVE from thicklayered parts fabricated
with ABS material.
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Now consider the homogenization of an RVE from {laiyered parts fabricated with
ABS material. The FE model of the RVE for this case is shown in Figure 6.6. The main
differences in RVEs from a thidiyered part versus a thiayered part are the sizetbe fibers
and the bonding area between adjacent fibers. The bonding area between adjacent fibers in the
layer of a thinlayered part is larger than that of a thlakgered part, as can be seen in Figure
6.6. This minimizes void volume in an RVE and imprs\bonding strength between adjacent
fibers in thinlayered parts, resulting in better properties. The FE model is simulated for
homogenization, and the constitutive matrix is then extracted from the results of the simulation.
The constitutive matrix forhis case is presented in Table 6.6. Next, the elastic moduli for the

thin layer are calculated, as shown in Table 6.7.

Figure6.6. FE model of an RVE from the layer of tHisyered parts fabricated with AB
material.

Table6.6. Constitutive matrix Cij in MPa) for layers of thidayered parts fabricated with

ABS material.
C 11 22 33 23 13 12
11| 2989.7 1347.8 1226.8 0.0 0.0 0.0
22| 1347.8 2779.8 1184.4 0.0 0.0 0.0
33| 1226.8 1184.4 24238 0.0 0.0 0.0
23 0.0 0.0 0.0 696.6 0.0 0.0
13 0.0 0.0 0.0 0.0 699.5 0.0
12 0.0 0.0 0.0 0.0 0.0 755.7
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Table6.7. Elastic moduli Ei andG;j; in MPa) for layers of thidayered parts fabricated with

ABS material.

Numerical Experimental
E, 21144 2023.6 + 96.8
E, 1964.7 1637.6 £ 129.1
E, 1737.0 o}
G, 755.7 7447 £ 13.9
G, 699.5 0
G, 696.6 0
m, 0.34 0.34
mn; 0.34 0
n,;  0.33 0

The numerical results for thiayered parts are higher than its corresponding
experimental values, especially the values for direction 2. The difference between the numerical
and experimental values is less than 5% overall, but for direction 2 the mitkei® around
16%. This is because of the perfect bonding assumption made for the FE model, which is not
the case in actual printed parts. Furthermore, the numerical values ftaytiad parts are
higher than those for thielayered parts because of ttiéferences in their RVEs, as discussed

earlier.

6.3.2FE model of an RVE from parts fabricated with ABS SCF material

Let us now consider an RVE from thitkyered parts fabricated with ABSCF
material. The FE RVE model is prepared according to the procddsceibed in section 6.2.2.
The positions of the SCF reinforcements were taken from the imported file, and the SCF
reinforcements were modeled with diameter of 7.5 um and varying in length 10 to 70 um. The
percentage of SCF material in the RVE was confttiteebe ~10.60%. The dimensions of the
RVE ax=e80up, o 470 Oxex @abd @m. T hxeis tieipmméng s i o n
direction and aligns with the orientation of the SCF reinforcements. This dimension is set to be
twice the mean length of the SCF reinforcements, meaning that the RVE can accommodate at
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least two complete SCF reinforcements in that disectDuring micreCT scanning of the
thick-layered parts, the mesostructure of the parts were found to have irregularly shaped
enclosed wids within the extruded fiberd-urther, the orientation of SCFs present near the
enclosed voids was not perfectly alegl with the orientation of the fiber (printing direction).
These features of the mesostructure were not considered in the FE model of the RVE for this

case.

The final FE model of an RVE from thidkyered parts is shown in Figure 6.7. The
black color repesents SCFs, with their position shown in Figure 6.7a, and the blue color
represents the ABS matrix. The RVE has around 2.8 million FEs and around 0.5 million nodes.
FE meshing is done in such a way that the nodes of elements on opposite boundarydfurfaces
the RVE are suitable for periodic boundary conditions. The linear material properties (Table
6.3) are then considered for analysis. The FE RVE model is simulated for homogenization, and
the simulation results are used to calculate the constitutivéxifatthe layers of thickayered
parts fabricated with ABSCF material. The stress contours for six different deformation

modes of an RVE are shown in Figure 6.8.

(b)
Figure6.7. FE model of arRVE from a thicklayered part fabricated with ABSCF: (a)
SCFs in the RVE; (b) FE model of RVE.
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The constitutive matrix for the layers of thitkyered parts fabricated with ABSCF
material is presented in Table 6.8. The elastic moduli for layers wéraglatad from the
constitutive matrix using eq. 6.11, and the results are presented in Table 6.9. The numerical
results from the present study for thielyered parts fabricated with ABSCF are comparable
to the experimental results taken from chaptefhe homogenization values are higher than
the experimental values. The difference between the numerical and experimental values varies
from 30% to 47%; the greatest difference is observed for direction 1 values. Ideally, the
experimental values should haveen close to the numerical values, but their values are almost
half of the numerical values. In other words, the material properties obtained from the
experiments are inferior, mainly because defects exist in the printed test coupons. Such a
discrepancyin the results is caused by the presence of enclosed voids within the fibers.
Moreover, misalignment of SCFs in the mesostructure of dlay#red parts is not accounted
for in the FE model of an RVE. In addition, the FE model of an RVE assumes perfdirigoon
between SCF reinforcements and the ABS matrix, and perfect bonding between adjacent fibers.
The direction 1 properties are greatly influenced by the enclosed voids that exist at the centre
of the extruded fibers, leading to a greater difference betieedirection 1 experimental and

numerical values.

Table6.8. Constitutive matrix of the layers of thid&yered parts fabricated with ABSCF
material.

C 11 22 33 23 13 12
11 6033.6 1401.8 1394.9 0.0 0.1 0.0
22 1401.8 2902.0 1293.0 0.0 0.0 0.0
33 13949 1293.0 2917.0 0.0 0.0 0.0

12 0.0 0.0 0.0 8195 0.0 0.0
13 0.0 0.0 0.0 0.0 905.2 0.0
23 0.0 0.0 0.0 0.0 0.0 897.3
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Table6.9. Elastic moduli Ei andG;j in MPa) of the layers of thiclayered parts fabricated

with ABS-SCF material.

Numerical Experimental

E: 5102.9 2684.2 £ 98.5
Ex 22144 1545.7+£9.1

Ez 2230.1 0
G2z 819.5 o)
Gz 905.2 o)

G2 897.3 624.7+7.1
312 0.34 0.34 +0.02
313 0.33 o}
323 0.37 o}

~ TContour Plot Contour Plot
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Analysis system
Simple Ayl

Multiplier

1730
E1‘539
1349
—1158

—9%.8
77

58.7
397
206
16

Contour Plot Contour Plot
Stress{vonMises)
Analysis system

Stress(vonMises)
Analysis system
Simple Ayarsges

Contour Plot

Contour Plot
Stress{vonMises)
Analysis system

Figure6.8. Stress contours for six load cases for an RVE from a-thigred part fabricated

with ABS-SCF material.

Now consider the homogenization of an RVE from the mesostructure abtred

parts fabricated with ABSCF material. The FE RVE model is prepared according to the

procedure described in section 6.2.2. The data for the SCF reinforcements was oluimined fr

the microeCT scanner, and the SCF reinforcements were modeled with lengths of 10 to 60 um

and a diameter of 7.5 um. The percentage of SCF material in the RVE was confirmed to be
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~10.30%. The di memed ofnds xgmh,2 Bgs e OB IBSumdTdepm
di me n xuiobRVE ipthe printing direction and aligns with the orientation of the SCF
reinforcements. This dimension is set to be twice the mean length of the SCF reinforcements,
meaning that the RVE can accommodate at least two compl#tere&nforcements in that
direction. The fibers of thitayered parts have smaller enclosed voids, but their percent volume
is minimal compared with that of thidkyered parts, and therefore their presence can be
ignored in the FE model of an RVE for thease. The RVE is then modeled with linear

tetrahedron FEs in Altair HyperMesh.

The resulting FE model for an RVE is shown in Figure 6.9. The black material in the
RVE is SCF material, and the blue material is ABS. The linear material properties of ABS an
SCF material (Table 6.3) are then considered for analysis. The RVE has around 1 million FEs
and 0.2 million nodes. FE modeling of the RVE is done in such a way that the model meets
periodic boundary conditions. The FE model of the RVE is simulated foogenization, and
the constitutive matrix is then calculated using the simulation results. The constitutive matrix
for the layers from thitayered parts is presented in Table 6.10. The elastic moduli are also
calculated from the constitutive matrix foettayers from thidayered parts, and the results are

presented in Table 6.11.
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(a) (b)
Figure6.9. FE model of an RVE from a thilayered part fabricated with ABSCF: (a) SCFs
in the RVE; (b) FE modedf the RVE.

Table6.10. Constitutive matrix of the layers of thlayered parts fabricated with ABSCF
material.

C 11 22 33 23 13 12
11 6439.2 14259  1355.0 0.0 0.0 0.0
22 14259 3054.8 1268.5 0.0 0.0 0.0
33 1355.0 1268.5 2837.8 0.0 0.0 0.0

12 0.0 0.0 0.0 8235 0.0 0.0
13 0.0 0.0 0.0 0.0 8929 0.0
23 0.0 0.0 0.0 0.0 0.0 930.8

Table6.11. Elastic moduli & andG;j in MPa) of the layers of thitayered parts fabricated
with ABS-SCF material.
Numerical Experimental

E: 5521.7 4120.4+72.4
E> 23717 1654.3 + 90.2
Es 2210.3 5

Gzs 823.5 d
Gz 892.9 o)
G2 930.8 770.0+21.6

312 0.33 0.32 £ 0.05
313 0.33 5]
323 0.38 5]

The difference between the numerical and experimental results for this FE model is
relatively lower when compared to results of previous model. The percent difference is greater

for direction 2 properties. This is contrary to the results for tlagkredparts, which have a
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greater difference in direction 1 properties. This discrepancy is caused by tlay#ned parts

not being significantly influenced by the enclosed voids. The numerical values are higher than
the experimental values because of theiagtions made in the FE model of the RVE. The
perfect bonding between adjacent fibers as well as the bonding between the reinforcements and
the matrix is not completely true in the actual 3D printed parts. Further, distribution of the SCF
reinforcements aoss the crossection of the fiber may not be uniform. Contrary to the
numerical values for parts fabricated with ABS material, the values of the properties of the
layers of thinlayered parts are lower than those of tHepkered parts fabricated with AB

SCF material. This discrepancy is owing to the difference in the lengths of SCFs in the RVEs.

In summary, numerical homogenization can be used to estimate the final material
properties of 3D printed parts. Further, the mesostructure, which resultsHeoprinting
strategy, can be used in material modeling to estimate the final material properties. The final
material properties can then be employed in the design and analysis of parts to be manufactured

using 3D printing.

6.4 Conclusions

This chapter addreed the computation of the overall constitutive matrix of the material
making up the layers of printed parts with either isotropic (ABS) or composite-GXEHS
material. The numerical homogenization method was employed to calculate the constitutive
matrix from their mesostructure. The material behaviour of the layers of 3D printed parts is
orthotropic. Accordingly, the orthotropic constitutive matrix for the layers is calculated and the
elastic moduli for the layers are then determined. First, the numeagegenization method
was used to compute the constitutive matrix of théglered and thitayered parts fabricated

with ABS material based on their mesostructures. Following that, the mesostructures were used
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to determine the constitutive matrix of tkitayered and thilayered parts fabricated with

ABS-SCF material. A summary of the findings are as follows:

1 The method used in this chapter predicted values of elastic moduli that were higher than
the experimental values for the layers of parts fabricatédd ABS material. This is
because of the assumptions made in the FE model of the RVEs. However, the difference
in the numerical and experimental values was not significant. Furthermore, maximum
stress in the RVEs of parts fabricated with ABS materialav#se interface of adjacent
fibers in all deformation modes. This means that the interface region is the weakest part
of the mesostructure and is thus more prone to the initiation of crack formation during
loading.

1 For composite printed parts, the estieth elastic moduli obtained using
homogenization were higher than the experimental values for the layers dbtyecid
parts. The experimental values were lower owing to the presence of enclosed voids
inside the fibers of the layers and also misalignnuérreinforcements in the fibers.
Such defects were not accounted for in the FE model of the RVE foilélyeled parts.

This means that the material properties of the actual-thyered composite printed
parts are inferior, and that the properties barimproved by eliminating defects that
exist in the fibers of thickayered parts. On the other hand, such defects were minimal
in the mesostructure of thiayered composite parts. Therefore, the numerical
homogenization method accurately estimatesetastic moduli for thidayered parts,
yielding results that are comparable to those obtained experimentally.

1 Contrary to the experimental results for composite parts, the properties efayackd

composite parts werén the same order othin-layered composite parts. The
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experimental values for thidlayered parts are inferior because of the defects present in
the parts. Furthermore, the longer SCF reinforcements intdyeked parts resulted in
better properties relative to those ahtlayered parts.

The procedure described for linear computational material modeling of 3D printed parts
fabricated with either isotropic or composite material eliminates the need for
experimental work to determine the overall material properties ofegriparts. This

method is also useful for tailoring the material properties of printed parts.
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Chapter 7 Damage Modeling of 3D Printed Parts

Summary: In this chapter, the computational models for nonlinear material modeling of 3D

printed laminates made of isopio (ABS) and composite (ABSCF) material are discussed.
Damage modeling of printed parts subjected to mechanical loads is carried out, and the results

generated are then compared with those derived from experimental work.

7.1 Introduction

The materials of printed structures fail when the load on them exceeds the design limit.
Material failures vary at different scales in printed parts, especially in parts fabricated with
composite material. The strength of traditional composite laminasdyiaally been assessed
using classical firsply failure models. However, strengénd safetyoriented design is a more
difficult proposition. A more realistic approach to failure is crucial to the effective design of
parts for 3D printing, since primy strategy influences the mesostructure of the parts during
the printing process. Internal failures at the mesoscale lead to the ultimate failure of printed
parts, and therefore material modeling at the mesoscale is needed to assess the material failure
behaviour of the parts. Material modeling can be achieved using continuum multiscale damage
models[162 165], a topic that has not yet been explored for 3D printed parts and is therefore

addressed here.

Multiscale modelg158,166,167]are useful for estimetg the final properties and failure
mechanism of printed parts. The micromechanical modeling of printed parts employs the
mesostructure that is built during 3D printing. The main steps in micromechanical modeling
are elastic homogenization, definitiontbé damage criteria, and damage progression law. The

micromechanical model for homogenization and damage analysis of printed parts results in the
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following data set. First, an effective/final constitutive matrix is produced using the
homogenization technige. Then, the damage limit design strain is defihed is the strain at
which the first damaged elements are found usingdsined damage initiation criteria, with

the corresponding load on the part referred to as the damage limit load. Finallgntaged
progression lavd it is the damage development in the material of printed parts subjected to
an increase in load. Damage progression reduces thecdogahg ability of the material
because the global stiffness matrix components are reduced iranieged material. The
previous chapter dealt with linear material modeling, using elastic homogenization to calculate
the effective constitutive matrix of the material of printed parts. This chapter focuses on

nonlinear material modeling of printed parts.

In this work, 3D printed laminates subjected to uniaxial tensile loading are considered
for computational damage modeling. Laminates printed with either ABS orSXESmaterial
are considered for damage analysis. First, this chapter describes the contdamnage
mechanics for the materials of the printed parts. Then, an isotropic damage model with
plasticity law is presented for damage analysis of the printed parts. Finally, FE models of RVEs

of the printed parts are simulated for damage analysis.

7.2 Damagemodeling of printed parts

In ply-level failure theories, also known as macos laminate failure theories, a
laminate is said to have failed when the first ply fails, but this is not the case in practice. The
main assumption in these failure theorietha an individual lamina is made of homogeneous,
orthotropic material. Local failure within a lamina occurs before the final failure of the

laminate. Firsply failure theories include the maximum stress criterion, maximum strain
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criterion, TsaiWu criteion, and TsaiHill criterion, among others. Ply failure criteria analyze

failure in one of two ways: sudden failure and progressive fdlia& 170].

In sudden ply failure theories, for a given load, the stresses in a lamina at a Gauss point
are calculated using classical laminate theories, and these stresses are used to determine the
maximum failure index of the laminate (the maximum failure index is obtained from the
maximum stress of all Gauss points of all laminas). If the failure criterimetisn any lamina,
then the laminate is said to have failed. This theory describes sudden failure without any prior

intimation about failure of the laminate.

In progressive ply failure theories, for a given load, the stresses in a lamina are
calculated ging classical laminate theories, and the eb@sen failure criteria are verified. If
a failure criterion is met, then the stiffness properties of the lamina at the failed location are
degraded according to a usiafined failure degradation model. Thegdaded stiffness matrix
is reflected in the global stiffness matrix of the laminate, and the same procedure is repeated at
the same load until no further Gauss points fail (i.e., checking the equilibrium). If there are no
failed Gauss points, then the nebapplies an increment in the load. The load is increased
gradually, and the procedure is repeated until ultimate failure of the laminate occurs. The final

failure is a failure of a laminate that cannot take any more load.

Although the ply failure critea are adequate for describing failure behaviour at the
macro level, they do not represent the complex failure phenomena that occur at the micro level
of composite structural parts. Since the composite material of printed parts is microscopically
heterogenous, these complex failure phenomena take place at the micro level of the material.
Damage occurs locally within the microstructure prior to the final failure of the laminate. These

local, microscopic failures are also referred to as damage. The maigelanoaes in the
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composite materials are fiber breaking, matrix cracking, and fiber or matrix debonding. Besides
these micrdevel failure modes, there is also a macro failure mode in the form of delamination

(opening between the layers of a laminate).

In this work, the only type of damage that printed parts fabricated with isotropic material
have experienced is breakage of extruded fibers and debonding between adjacent extruded
fibers. In addition, debonding between the SCF reinforcements and the matrkredcior
parts printed with composite material. Continuum damage mechanics concepts are useful for
analyzing local failures in the composite materials of 3D printed parts. Continuum damage
mechanics deal with damage initiation and damage accumulatiba fibers and matrix of a
composite material. Damage development with an increase in load is called damage
accumulation. An analysis based on these concepts reveals damage initiation and accumulation,
which is useful for better understanding the behawdtine material of printed parts for given
load cases. When an applied load on a material exceeds the design load, then damage initiation
and propagation occurs. Moreover, the material will start degrading progressively, which can
be measured through theatease in strength and stiffness of the material. This decrease in
strength and stiffness can be measured using continuum damage mechanics [datidepts
this work, we consider plasticity law for accounting hardening behavior and an isotropic
damage model for damage of the printed parts subjected to a load, libeabase materials

of the printed parts are isotropic.
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Figure7.1. Uniaxial loading of an isotropic material: (a) a bar subjected to tensile loading; (b)
stres$strain curve of the bar.

Let us consider the classical uniaxial damage theory to introduce basic concepts and to
understand the basis of damage mechanics. Consider a bar made of isotropic material with
propertyE® and subjected to tensile loBjas shown in Figure 7.1. The ma&tis damaged to
a certain degree, resulting in the degradation of the material propertyEftden E . The
nominal stresd), of that bar is defined as the force per unit initial area of the-sexg®n of

the bar. Theonstitutive relation that defines this scenario in damage configuration is given as
S=E ¢ (7.1)

The damaged part can be represented as an undamaged part using an effectisgastress
relation. The effective stresss , is defined as the force per unit effective area, and the

constitutive relation in nominal (initial) configuration is given as
S=E"%¢ (7.2)

The nominal stress invokes the Cauchy equations of equilibriutheomacroscopic
|l evel, while the effective stress is the fiact
principle of stain equivalence states that the straim the undamaged part is equal to the
straine in the damaged part, i.eg = |, using this that the relation between nominal stress and

the stress in damaged configuration is given as
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__E°
S§==s (7.3)
5= s/ d) (7.4)

whered is the damage variable, given as

d=1 £ (7.5)

Then, the constitutive law for the nominal stress, can be written as
s=(1 -d)E° ¢ (7.6)

The damage evolution fohé uniaxial model can be characterized by the damage variable,

which in turn is a function of the applied strain
d=g(e), O ¢d 1 (7.7)

The evolution law functiorg, affects the shape of the stiiestsain diagram, which can
be identified from a uniaxial test. To account for the previous state of the material, let us
introduce the internal variabte which characterizes the maximum strain level reached in the

previots history of the material up to a given time

r) = max{rO , maxe (z‘} (7.8)

tet

Equation 7.8 implies that(t) 2 r,, wherel, is the damage threshold and a material parameter

that represents the value ofastr at which damage starts. Tinhds a monotonically increasing
parameter governing the loading process. The damage evolution law, eq. 7.7, is then rewritten

in the form
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e g(r)=0ifr =, (7.9)

d= ith |
o) With 1o gy @it r rs

Equation 7.9 is not only valid for monotonigading Qi 1) but also during unloading and

reloading i 2) (see Figure 7.2). Further, this damage evolution law also considers the loading

history, which is reflected by including the value of the internal state variable

|

E ) E;
2
0 “"/ —
€
Figure7.2. Stressstrain graph for uniaxial damage model through amomotonic loading
process.

The constitutive law (eq. 7.6) can be rewritten in the form

S=E,¢ (7.10)

whereEsecis the damaged modulus of elasticity

E..=1 d)F (7.11)

Furthermore, instead of defining the variableas was done in eq. 7.8, we can introduce a

loading functiorf as follows

f(er)= er (7.12)

To ensurghat the damage accumulation can take place only on the damage surface, let

us postulate the loadingnloading conditions in Kuhifuker form as
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feo;, r 20, f 6 (7.13)

In the above equation, the first condition indicatesititan never be smaller than while the
second condition means thiatannot decrease. The final condition ensures tbeh grow only

if the current values dbandr are equal.

The previous series of equations is useful fordaimage modeling of material. At this

point, we can summarize the three main components of the uniaxial damage theory as

1 The stresistrain relatios = Eg, ¢, withE, = -d)E>. This provides the
stiffness degradatiowith damage variable

f The damage evolution lay = g(r) with ? 9(nN=0 'f_r To
iO<g(r) @wif r rz

. The evolution law

defines the rate of damage in the material.
1 The damage criterion, which defines the state of the material, and consists of
o The loading function, f(e,r)= e+, which specifies the elastic domain

e :{ ef( ,rg <(} , the set of states for which damage does not grow.
0 The loadingiunloading conditionsf ¢ 0;r 20;rf 6.
7.2.11sotropic damage and plasticity
Now let us see the extsion of the uniaxial isotropic damage model to the multiaxial
stress state along with plasticity law. In the isotropic damage model, stiffness degradation is

isotropic. This means that the stiffness moduli corresponding to different directions decrease

proportionally, independently of the direction of loading.

The damage constitutive tensor is expressed as
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C,.=(1 d)C (7.14)

whereC is the elastic constitutive tensor of the material diglthe damage variabl€secis

the secant constitutive tensor that relates the total itaithe total stress

(=C.: Bl d) :C 9 (7.15)
Equation 7.15 can also be written in the form
=@ d) (7.16)

Equation 7.16 is the multidimensional generalization of eq. 7.4, whelethe effective stress

tensor, defined as follows
= C (7.17)

Damage criterion:Similar to the uniaxial case, let us consider a loading functjon,
specifying the elastic domain and the states at which damage grows. The loading function now
depends on the strain tendiamd the variable controlling the evolution of the elasticmain.

The termf ( (&0 represents the elastic domain and is below the current damage threshold.
Damage can grow only if the current state reaches the boundary of the elastic domain, i.e. when
f ( & 0.rE3sentially, we can postulate the damage critddpa multiaxial isotropic damage

model with the loading function

fler)= g )& (7.18)
and the loadinigunloading conditions

f¢eo, r 20, rf © (7.19)
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wherelqis equivalent strain, i.e. a scalar measure of thendgl, and is the largest value
of the equivalent strain calculated in the previous deformation history of the material up to its

current state. In this regard, the equation can now be generalized as follows

e |
r{t) =maxjr, , maxe,, () (7.20)
I tot !

In this case, the equivalent strain is as follows
23

e,=Ja( e (7.21)
i=1

where@for i =1 to 3 are the principal strains.

Plasticity hardening lawThe plasticity law for rate independent behavior during the
deformation is considered. It is assumed that the material i8iscous and follows isothermal
plastic behavior. The rate independent hardening behavior can be seen in Figure 7.3a. The

evolution law can be written as

ha)=(K, K)[1 exp( ) Hi+ (7.22)

For isotropic hardening that the function can be written as

(7.23)

Damage evolution lawThere are several damage governing lay{s), that can be
effectively used to model damage growth in the materials. In this work, we employed the
bilinear law for evolution of damage and Figure 7.3b presents the bilinear law. The damage

variable ¢l) for these cases is given as
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[ 0 ree’
1 o ~
d=g(r) ::ge? b &, & re¢ k (7.24)
L
oo dpa r>e
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nY

Figure7.3. Nonlinear mat(eet)ial models (a) hardening n(”ltgdel and (b) bilinear damage law.

7.3 Results and Discussion
The nonlinear material behaviour of parts fabricated with either isotropic (ABS) or

composite (ABSSCF) material was characterized using an isotropic damage and plasticity
model. The damage analysis was carried out using HyperWorks, a commercial FEesoftwar
The FE models of RVEs of printed parts that were constructed in chapter 6 were employed in
this section for nonlinear material modeling. However, experimental characterization revealed
that it was the ABS material only that was responsible for themearity. Therefore, in this
work, ABS material alone is accounted for nonlinearity in the damage modeling. The material

(CF) of the reinforcements is considered to remain elastic during deformation.

Two different sets of nonlinear data were used for damage modeling of printed parts. In
first case, nonlinear properties of bulk ABS material were considered for the damage modeling

of RVE models and the results of damage model based on such propertesaesl with
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ODMBuUIl k6. I n second case, nonlinear data fro
laminates (UDL) was employed in the damage modeling to capture the actual nonlinear
behavior of the printed parts. The results with this damage maglel are pr es enit ed wi t
UDLGOG. The nonlinear dat a oelfandtldywgh datawettiuse@ ct i o n
for the extruded fibers and the interface of the adjacent fibers, respectively in the RVE models.
For instance, nonlinear properties for damagpdeling of thickayered parts printed with ABS
material are taken from the test data of tHapkered layupl and layugb laminates of the same
material. This allows to accurately replicate the nonlinear behavior of the extruded fibers and
the interfae of the fibers in the damage modeling of the printed parts. Finite element RVE
models for above two diffent caseareshown in Figure 7.for the thicklayered parts printed
with ABS material. The nonlinear parameters were obtained from stiress déa of bulk
ABS material and are listed in Table 7.1. Also, the material properties of the SCF
reinforcements are provided in Table 7.2.

Table7.1. Material properties of bulk ABS for damage modeling.

Property Value

E, in MPa 2230
v 0.34

Sy,inMPa 30
Sy,inMPa 40

d 200
H -100
€5 0.07
e, 0.10
S mean 36

J, 0.10
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Table7.2. Material properties of SCF reinforcements for damage modeling.
Property Value
Ei, inGPa 225
Ex inGPa 15
Gi2,in GPa 15
Go3 inGPa 7
312 0.02

Extruded
fibers

(@)

Interface
Figure7.4. RVE models for thickayered parts printed with ABS material, (a) FE model for

damage modeling with bulk ABS material (DBUIK), (b) FE model fodamage
modeling with unidirectional laminate test data (ERNDL).

Bidirectionally printed parts (layup 6 and layup 7) subjected to tensile loading were
considered for damage modeling. Laminate layup 6 represents gtydssinate, and layup
7 an angleply laminate. Thicklayered and thitayered parts fabricated with ABS material
were considered first. Next, thidayered and thidayered parts fabricated with composite
material were simulated for damage modeling. The damage analysis of the printéallpasts
the work flow of damage modeling described earlier.

Let us now consider the damage modeling of bidirectionally printed layup 6 and layup
7 made with ABS material. The strésgain curve obtained from damage modeling is

compared with exgrimentalwork. Figure 7.5compares these two sets of results for a thick
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layered part and a thiilayered part, respectively. Furthermore, the damage analysis results are
compared with the results of the Tiddill failure criterion and also with the experimental

values (taken from chapter 4), as shown in Table 7.3.

40

T T 40 T T
Thick-layered layup 6-ABS Thin-layered layup 6-ABS
35} R 351
30 E 30}
$ 25t {1 &5l
= =
& 20} 1 & 20}
4 n
L 15 {1 g1sf
(9)] ) )
10+ —a— Experimental 4 10} —a— Experimental
—s— DM-Bulk —s— DM-Bulk
5T, (a) —— DM-UDL 7 5, (b) —>— DM-UDL

0 1 1 1 1 o 1 1 1

000 002 004 006 008 010 000 002 004 006 008 0.0
Strain Strain

Figure7.5. Stressstrain relation for crosply laminate (layup 6) fabricated with ABS

material for a (a) thickayered laminate and (lfin-layered laminate.

Table7.3. Comparison of damage modeling and Tk#li failure criteria results with
experimental work for laminate layup 6 fabricated with ABS material and subjected to
uniaxialtensile loading.

Experimental CLT and Multiscale modeling
Tsai Hill DM-Bulk DM-UDL

Thick-layered laminate

Ex, in MPa 1783.9+ 2.7 1673.0 1865.7 1751.1

U, in MPa 29.7+£0.7 25.2 34.5 33.3

V] 0.0367 £ 0.0135 0.0135 0.09 0.07
Thin-layeredlaminate

Ex, iIn MPa 1953.8+ 55.8 1832.4 2040.8 1922.3

Ui, in MPa 35.7+0.6 30.3 37.7 36.0

V) 0.0498 +0.0004 0.0143 0.09 0.075

The stresisstrain curves obtained from damage modeling of thagkered and thin
layered laminate layup 7 are showrFigures 76a and 7b, respectively. These stréssain
curves are compared with those obtained from experimental work. Also, the properties of

laminate layup 7, namely stiffnessy), strength (), and strain to failurely), were extracted
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from the stesg strain curve obtained using damage modeling and then compared with both

experimental values and also laminate theory results, as shown in Table 7.4.

40 40

T T T T
Thick-layered layup 7-ABS Thick-layered layup 7-ABS

35+ 35+

30 30

S 25t S 25t
= =
- 20+ - 20+
(9] (9]
(%] (%]
L 15¢ L 15¢
n . n .
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51 @ —~— DM-UDL . 51 (b) —~— DM-UDL
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Strain Strain

Figure7.6. Stressstrain relatiorfor angleply laminate (layup 7) fabricated with ABS
material for a (a) thickayered laminate and (b) thlayered laminate.

Table7.4. Comparison of damage modeling and TEHil failure criteria results vth
experimental work for laminate layup 7 fabricated with ABS material and subjected to
uniaxial tensile loading.

Experimental CLT and Multiscale modeling
Tsai Hill DM-Bulk DM-UDL

Thick-layered laminate
Ex, in MPa 1728.7 +16.4  1645.6 1810.2 1720.2
U, in MPa 28.0+1.3 25.5 354 33.8
V] 0.0435 +0.0049 0.0143 0.09 0.069
Thin-layered laminate
Ex, in MPa 1911.1+20.9  1885.2 2018.1 1901.1
U, in MPa 32.1+0.7 31.8 37.7 36.0
V) 0.0592 +0.0081 0.0158 0.09 0.075

The damage modeling simulation values are comparable to the values obtained from
experimental work for parts printed with ABS material. The results based cBuiVare
higher than the experimental. However, the actual nonlinear behavior of the prirteeds par
predicted by DMUDL, which used tensile test data of unidirectional laminates. The
phenomenological failure theory, that is fi@y failure theory (TsaiHill failure criterion),

under predicted the values compared with the results of damage mgodedirmentioned
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earlier, the failure criterion employs properties that were calculated from the results of uniaxial
tensile laminates. The damage model predicted higher values, because of the assumptions made
in the FE models of the RVEs. Moreover, damageleling employs the results of numerical
homogenization as well as the nonlinear properties of the virgin material. Therefore, the values
resulting from damage modeling are higher than those from theHikdailure criterion and

experimental work.

Now let us consider the damage modeling of bidirectional laminates fabricated with
ABS-SCF material. Tensile test results of ABEF parts revealed that the nonlinearity in these
parts is attributable by ABS material only. Therefore, it is the nonlinear ineinaf ABS alone
that is considered for damage modeling, while the material behaviour of the SCF
reinforcements remains linear during deformation. Further, the previously discussed damage
models were employed for the ABSCF printed parts. In addition gfrE models of the RVEs
for thick-layered and thilayered parts fabricated with ABSCF material were considered
here for damage modeling. The FE models of the RVEs were simulated for damage modeling.
The stresistrain curves based on the damage modelfilgminate layup 6 were then compared
with the resultsof experimental work (Figure 7).7Further, the damage model estimated
properties of laminate layup 6 were compared with the results of both the experimental work
and laminate theory results, as showiiable 7.5. Similarly, the results of the damage analysis

of laminate layup 7 are presented in Figu@&and Table 7.6.
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Figure7.7. Stressstrain relation for laminate (layup &bricated with ABSSCF material for
a (a) thicklayered laminate and (b) thlayered laminate.

Table7.5. Comparison of damage modeling and Tk#li failure criteria results with
experimental work folaminate layup 6 fabricated with ABSCF material and subjected
to uniaxial tensile loading.

Experimental CLT and Multiscale modeling
Tsai Hill DM-Bulk DM-UDL
Thick-layered laminate
Ex, iIn MPa 2863.9+78.7 2125.9 3704.2 2974.5
U, in MPa 23.5+05 26.0 61.6 33.6
V] 0.0158 +0.0006 0.0097 0.05 0.022
Thin-layered laminate
Ex, iIn MPa 3311.0+43.1  2909.9 4189.5 4101.5
Uy, in MPa 31.3+04 37.8 68.7 40.4
V] 0.0214 +0.0006 0.0096 0.045 0.024
50 ——————————— 50 ——— —————————
45l Thick-layered layup 7: ABS-SCE a5 Thin-layered layup 7: ABS-SCF|
40+ 40r
© 35} 1 35}
% 30+ 7 g 30}
" 25 1 4 25
o 20p ] @ 20f
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Figure7.8. Stressstrain relation for laminate (layup 7) fabricated with AB6F material for
a (a) thicklayered laminate and (b) thlayered laminate.
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Table7.6. Comparison of dangee modeling and TsaHill failure criteria results with
experimental work for laminate layup 7 fabricated with ABSF material and subjected
to uniaxial tensile loading.

Experimental CLT and Multiscale modeling
Tsai Hill DM-Bulk DM-UDL

Thick-layered laminate
Ex, In MPa 2094.6 + 435 1733.3 2594.0 2053.9
U, in MPa 21.7+05 22.7 43.52 24.3
V] 0.0243 £0.0011 0.0105 0.07 0.028
Thin-layered laminate
Ex, In MPa 2330.6 +2.1 2150.5 2713.1 2453.3
U, in MPa 27.7+04 31.1 44.0 29.1
V] 0.0373 £0.0013 0.0105 0.063 0.036

The comparison of the stréss$rain curves obtained from the experimental work and
the damage modeling for parts fabricated with ABSF material reveals that the damage
model based on bulk material properties (BMIK) predicts higher values. The differsn
between them for nonlinear properties such as strength and strain to failure is ~50%. This means
that the selected damage model does not represent the actual damage phenomena that occurred
in parts fabricated with ABSCF material. One of the main reasdor this discrepancy is that
the debonding between the SCF reinforcements and the ABS matrix is not represented in the
damage model. Other reasons are the assumptions made in the FE models of the RVEs. The FE
models assume perfect bonding between theuésd fibers, uniform length and perfect
orientation of SCFs, and perfect bonding between the SCF reinforcements and the matrix. The
stresgstrain curves from the experimental work initially show a linear region that follows
hardening behaviour, and thére parts fail suddenly. Hardening behaviour in these parts is
due to the presence of SCF reinforcements. Nonlinearity arises when bonding between the SCFs
and the matrix starts failing during deformation. Furthermore, sudden failure follows the
hardeningbehaviour because of the presence of enclosed voids. During deformation, the

enclosed voids start to coalesce, resulting in a lager discontinuity in the material. This leads to
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sudden failure of the parts. The actual damage phenomena in the compositabpasted

with ABS-SCF material can be achieved by considering tensile test data of unidirectional
laminates. The damage model (BMDL) considered the test results of the unidirectional
laminates and the results based on this damage model replicateutiienanlinear behavior of

the printed parts.

7.4 Conclusions

The present work addressed computational damage modeling of 3D printed laminates
subjected to uniaxial tensile loading. Damage analysis was carried out by considering a
continuum damage model fagotropic materials, as the base materials used for printing the
parts were isotropic. The computational damage results were then compared with experimental
work to validate the computational procedure adopted in this chapter. The main observations
made inthis chapter are as follows:

1 The material behaviour of printed parts fabricated with only ABS material displays
initial linear behaviour followed by nonlinear softening behaviour, and then the parts
fail suddenly. This behaviour is modeled with an isatralamage model with plasticity
law in the present analysis. The computational damage results are comparable to the
experimental results. The damage model predicted values that are higher than those
obtained using both the firply failure criterion and xperimental work. The damage
model that employed test data of unidirectional laminates accurately predicted the
nonlinear material behaviour of printed parts fabricated with ABS material.

1 Inthe damage modeling of the parts fabricated with AEF materiglthe nonlinearity
in these parts is mainly attributable to ABS material. Therefore, the nonlinear behaviour

of the ABS material was considered in the damage models. However, the material of
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the SCF reinforcements remains elastic during deformation. Trhagégamodel (DM
Bulk) predicted values that were higher than the experimental values. These results
mean that the damage model does not represent the actual material behaviow of ABS
SCF printed parts. The actual nonlinear material behavior of the parehiased by
considering the nonlinear test data of unidirectional laminates in the damage model

(DM-UDL).
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Chapter 8 Conclusions and Future Work

Summary: This chapter outlines the statement of the problem, objective of the study, and
contributions of this work to the field. Furthermore, a brief description of areas that deserve

further exploration in future work is presented.

8.1 Statement of the problem

Despte the many benefits of additive manufacturing (AM), anisotropy in the material
properties of the resulting 3D printed parts is of primary concern. Anisotropy in the material
properties is the result of variation introduced into the mesostructure of dupiaig the 3D
printing process. Moreover, our understanding of the prostssturé property relationship
is currently limited for printed parts. The effective design and analysis of models for 3D printing
calls for an investigation at different scalefsthe material in order to better understand the
behaviour of the printed parts. Composite parts fabricated via the material extrusion AM
method have wide industrial applications for functional usage. Such structural parts need
reliable design despite coerns about anisotropy being introduced during the 3D printing
process. Therefore, computational models need to be explored to enable the reliable design of

models for 3D printing.

8.2 Objectives
The investigation of the anisotropic material behaviour of 8bBtgd parts centred on the

following four objectives:

I.  Investigate the material behaviour of printed parts by conducting mechanical testing;
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ii.  Characterize the mechanical behaviour of printed parts using material metizesaids

on experimental data, and thmvestigate the failure behaviour of printed parts;

iii.  Characterize the mesostructure of 3D printed parts using microscopy and &ihicro
scanner, and investigate the influence of microstructural features on the final properties

of printed parts; and

iv. Enable effective design and analysis of structural parts by developing computational

micromechanical models for the material modeling of 3D printed parts.

8.3 General conclusions
8.3.1Investigation of material behaviour of printed parts using mechanical testing

The results of the mechanical tests on printed test coupons revealed their material
behaviour under tensile and flexural loads. The material behaviour of the parts is governed by
their mesostructure, which is produced during the 3D printing process. Taissrtieat the
microstructural aspects of printed parts influence the final material properties. In general, the

behaviour of the printed parts resembles that of traditional composite laminates.

8.3.2Characterization of mechanical behaviour of printed parts usiig laminate
mechanics

Since the behaviour of printed parts is similar to that of traditional laminates, laminate
mechanics can be employed to characterize the mechanical behaviour of printed parts. The
orthotropic constitutive behaviour of the layers ohped parts was established using laminate
mechanics. Laminate theories more accurately predict the mechanical behaviour of printed
parts fabricated with only isotropic polymeric material than the behaviour of printed parts

fabricated with composite materia
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8.3.3Characterization of the microstructure of printed composite parts

The microstructure of composite printed parts was characterized by conducting a
morphological study using a mie@T scanner. The constituents of the microstructure, namely
the size, shpe, and distribution of short carbon fiber (SCF) reinforcements as well as their
percentage by volume, influenced the final material properties of the printed parts. Continuous
voids were found at the interface of the layers of the printed parts. Iroadditegularly shaped
enclosed voids were found in the extruded filaments of daig&red but not thhtayered
composite parts. Further, the enclosed voids disturbed the orientation of SCF reinforcements in
thick-layered composite parts. Layer thickne$she printed parts also influenced the length
distribution of the SCF reinforcements. Such differences between thddiered and thin

layered composite parts led to discrepant results.

8.3.4Computational micromechanical model for material modeling of prnted parts

The microstructure of printed parts was considered in finite element (FE) models for
material modeling. The overall constitutive matrix of the printed parts was estimated using the
numerical homogenization technique. Furthermore, the mateninear behaviour of the
printed parts was investigated using damage models. The material behaviour of the printed parts
based on the computational models was then validated with experimental findings. The
computational models accurately predicted the Wiela of printed parts. The computational
models minimize tim&onsuming and tedious experimental work and will be instrumental in

the effective design and analysis of models for 3D printing.

8.3.5Case study from appendix
The build orientation of a model infiaces the final material properties of printed parts.

Investigation of an tbracket structure using a computational model revealed that the material
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disposition strategy influenced the constitutive material behaviour of the members of the

structural part.

8.4 Thesis contributions

The main contributions of this work are as follows:

()  The behaviour of 3D printed parts is similar to that of laminate structures, and thus
printed parts can be treated as printed laminates.

(i)  Mesostructural aspects of 3D printed parsegn the final material properties of
the parts, and hence the mesostructure can be tailored to achieve the desired final
properties.

(i)  Laminate mechanics can be employed in the characterization of the mechanical
behaviour of 3D printed parts as well aghe preliminary design of models for 3D
printing.

(iv)  Computational methodology can be employed to estimate the constitutive matrix of
3D printed parts and also to conduct damage modeling of the parts. This minimizes
the experimental work required and gisovides freedom in the design and analysis
of models for 3D printing.

(v)  The processstructuré property relationship has been established for printed parts.

To account the material behavior of parts, the constitutive matrix of materials is
considered during design and analysis of structures. The final constitutive matrix of
materials of printed parts is different from its initial material due to change in
mesatructure while 3D printing. Therefore, the final constitutive matrix need to be

estimated for effective design and analysis of structures. The present multiscale
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computational models can estimate the effective constitutive matrix by considering
mesostruaire and its base material properties. Then, the estimated effective final
properties can be used during design and FEA of structures subjecting to mechanical
loads. Furthermore, the computational model can be used to carryout the damage
analysis of structes subjecting to mechanical loads. An application of this work is

discussed in Appendix A.

8.5 Future work

The following areas merit further investigation:

() Development of a printing process that eliminates the voids in 3D printed parts to
improve their struetral integrity;
(i)  Development of computational models that account for bonding between the layers
of 3D printed parts; and
(i)  Exploration of a computational methodology for 3D printed parts fabricated with

different materials.
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Appendix A Homogenization of a 3DPrinted L -
Bracket: Application

Summary: This work investigates the influence of build orientation of a model on the final
material properties. An-bracket structure is considered for investigation. The variation in
build orientation of a model also results in anisotropy in the final printed @ accurately
capture the mechanical behaviour of the material of the final printed part, the final constitutive
matrix of the material should be employed in the stress analysis of the parts. The constitutive
matrix of the material needs to be estindat® accurately capture the mechanical behaviour of
the parts. This work focuses on the linear constitutive material modeling of models with
different orientations. The constitutive material modeling of the printed parts is done using the
numerical homogeénation procedure nesented in chapter 6. Thiection investigates the
influence of layer deposition on the material behaviour of parts fabricated with different

structural orientations.

A.1 Introduction

A structural part can be 3D printed in any orientation, with the build orientation of a
part being chosen by the user while generating teede for printing. The material deposition
strategy is generated by the slicer tool based on the orientation pdrthen the substrate of
the printer; furthermore, material deposition also influences the properties of tH&2&jrt
Orthotropic material behaviour has been assessed by conducting experiments on parts built in
different orientation$69,70]. The build time fo printing and also surface quality depend on
the build orientation of the pali1,72] Experimental work42,46,64 66,69 72,138]reveals

the significance of build orientation andster angle on the properties of printed parts.
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Computational work73i 75] on the material behaviour of printed parts has been limited, and
further exploration is required using multiscale modelso not yet accounted for is the effect

of build orientation in the calculation of the constitutive matrix and in the use of laminate theory
to characterize the mechanical behaviour of printed pa®429,130] From these previous
works it is evident that build orientation influences the material properties of printed parts.
Therefore, variation in the material behaviour due to build orientation should be considered in
the characteration of the mechanical behaviour of parts using laminate theory. Another
unexplored research areathe computation of the stiffness matrix for the material of printed
parts to account for build orientations using numerical multiscale models. The iesetatr
addresses the computation of the constitutive matrix by considering the build orientation of

parts using numerical homogenization.

The first step in this analysis is an examination of the effect of build orientation of a
part on its mechanical pperties. This is followed by an explanation of how the deposition
strategy in different parts of theliracket introduces anisotropy in the material properties of
the structure. Laminate theory is used to characterize the material behaviour of the layers
deposited along the thickness of the geometry of the part. Then, the orthotropic material
behaviour of layers deposited across the thickness of the geometry of a part is characterized
because the build orientation of the part does not allow the use ofatanmmodeling. The
computation of the mechanical properties of the material of the final printed part using the
numerical homogenization method is then explained. Finally, the influence of build orientation
on the constitutive material behaviour of diffetgnoriented parts of the -bracket is

investigated.
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A.2 Effect of build orientation on the material behaviour of printed parts

The material deposition strategy employedused filament fabricatiofFFF) (Figure
A.1) can be defined by the user during generation of thede in slicer software. Printed parts
resemble laminate structures, and thus the material behaviour of the laminate depends on the
constituentsd pr op e rthelaemmaeaSmdarlystheanatkrial behavieler q u e n ¢
of a printed part depends on fiber orientation in the layers, the stacking sequence of layers, and
build orientation124,138] Laminate modeling can account for the effects of fiber orientation
and stacking sequee of the layers in a 3D printed part. However, the effect of build orientation
of the part on its material behaviour cannot be accounted for using laminate theory. The
influence of build orientation on the material properties of 3D printed parts is dreeref

extensively discussed here.

A threedimensional part can be oriented on different surfaces of the part on the
substrate of the printer. For example, a rectangular plate of having thicrezssiie oriented
in three different ways as shown in Figérd.. In the first case (Figure A.l1a), surfaceBA Ci
D of the plate is lying on the substrate, which is commonly known as orienting the part on the
flat surface. The other two options are the edge and upright orientations, where the plate is

oriented on sdace G Di Ei F and surface BCi Fi G, respectively (Figures A.1b and A.1c).

Experimental work has been done on the influence of build orientation on the
mechanical properties of printed pgdf9,70] Although the number of layers deposited in each
of the three orietations of the rectangular plate is different, the material deposition strategy is
the same (Figure A.1). The layers of a 3D printed part exhibit lamina material behaviour owing
to fiber orientation and laydyy-layer deposition. Previous experimental ksohave confirmed

that the material behaviour of a printed part is also influenced by its build orientation.
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Consequently, the behaviour of parts built in each of the three different orientations would also
be different, since the deposition of layersasthe same. In the flat orientation case, the layers

are deposited along the thickness of the plate, whereas in the edge and upright orientations, the
layers are deposited along the widil) @nd lengthl(), respectively, of the plate (Figure A.1).

The md-surface of the plate in the thickness direction is used in the laminate modeling of parts
to characterize their behaviour using laminate plate theories. Laminate plate theory can be used
to characterize the mechanical behaviour of a printed part whéay#ms are deposited only

in the thickness direction. That means laminate theory can only capture the actual mechanical
behaviour of the first case (flat orientation), since the layers are deposited in the thickness
direction. The layers are not depositedhe direction of the midurface in the other two cases
(edge and upright orientations) (Figures A.1b and A.1c). Therefore, the mechanical behaviour

of these cases cannot be captured using laminate modeling.

Since the constitutive material behaviofipanted parts depends on build orientation,
the actual constitutive material behaviour of parts built in different orientations must be
determined to account for the final material behaviour in stress analysis. The material behaviour
of parts built in tle edge or uprighposition would be similar, since the layers are deposited
across the thickness of the part in both cases. A detailed discussion on the effect of build
orientation on the mechanical properties of printed parts is presented in the fobewiiogs.
In particular, this work addresses the constitutive material modeling of printed parts with
different build orientations and also characterization of the material behaviour of the printed

parts during the stress analysis.
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Figure Al. Build orientation of a rectangular plate in three different directions: (a) flat, (b)
edge, and (c) upright.

The 3D printed structures used in real applications will have more than one simple
geometric shape. For that reason, let us considesaadket structure for 3D printing via FFF,
as shown in Figure A.2. Thelhracket consists of two different parts: aihontal plate and a
vertical plate. The horizontal plate lies in tig/ plane, and the vertical plate in tyiiez plane.
Let us consider the case where thbrhcket is printed on the substrate of the printer, as shown
in Figure A.2a. As a result, the tdiiorientation of the two different parés the horizontal
plate and the vertical plat®@ of the L-bracket is different, and therefore their material

behaviour will be different.

To understand the reason for the difference in the material behaviourtafotiparts,
consider that the horizontal plate is built in a flat orientation and the vertical plate is built
upright. However, it is the midurface of the bracket in the thickness direction of the plates
that is used for laminate modeling in the finitereent (FE) stress analysis of the structure.
Laminate modeling can capture the constitutive material behaviour of the horizontal plate but
not the vertical plate. As mentioned earlier, the behaviour of the vertical plate cannot be
characterized using lamate modeling because the layers in the vertical plate are not deposited

along the thickness of the final part. Instead, the layers are deposited across the thickness of the
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vertical plate. As a result, the layers in the vertical plate are not alignedtswvithid-surface
(Figure A.2b), and thus laminate modeling cannot capture the actual material behaviour of the

vertical plate.

Since laminate modeling is not applicable in this case, another approach must be
adopted to accurately model theteréal behaviour of the 3printed L-bracket. Experimental
work [65,69,70,138khows that printed parts built in the upright orientation exhibit orthotropic
material behaviour. Therefore, the constitutive material behaviour of an orthotropic material
can be used to characterize the mechanical behaviour of such cases. The censiititk
defines the constitutive material behaviour of printed parts, and therefore the constitutive matrix
of printed parts built in different orientations can be computed based on their mesostructure
using the homogenization technique described in eh&pilhe mesostructure of the horizontal
and vertical plates of the-lhracket, as shown in Figure A.2b, is now considered for numerical

homogenization of the material.

(@)

Figure A2. L-bracket on the substrate of a 3D prinfa): mid-surface; (b) layers and
mesostructure of vertical and horizontal plates.

A.3 Constitutive material behaviour of printed parts
Let us consider the constitutive behaviour of the two plates of tharidi2d L-bracket

to account for their matial behaviour in the FE stress analysis. The layers in the horizontal
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plate are thin and behave like an orthotropic material. Therefore, an orthotropic constitutive
relation for the plane stress case is considered. In turn, the horizontal plate caidueas a
laminated plate, and therefore classical laminate theory can be employed to account for its

material behaviour in the analysis of the plate, as explained in chapter 4.

The constitutive relation for an orthotropic material is given as

?sll 9 ;&:11 C:12 C:13 0 0 0 g g

| | u

752 1 g~ Cp Cp O 0 0 u %2
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where c, are the elements of the constitutive ma@iwith Voigt notation. The strairstress

relation for an orthotropic material is obtained by invertiggAe 1 as follows:

{d=[s{ § (A2)

whereSis the compliance matrix and the coefficients of the matrix are

I Ny o 1 _o B_g 1l o 1 1 _1(A.3)
S EJSZ Ez’% El’%Ez’gé @’ga"&@;;?qg' 6§q2

The coordinate systefl) 2, and3 is a lamina (local) coordinate system; akis along
the fiber, axi® is transverse to the fiber, and afis normal to thdi 2 plane, i.e. the axis goes
along the thickness of the layer. The coeffici€bt®f the C matrix for an orthotropic material

are obtained by inverting ti&®matrix. The elastic constants required to describe an orthotropic

material are as f ob,Eobydora ldyerwlony Goes Mmardig, | i,
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respectively; shear moduf®,,G;5,G,; and Poi $s &nb Alsortietralaton
En, =E ¢ (no sum oni andj) fori,j=1,2,3 andi, j holds for orthotropic materials. For a

transversely isotropic material, the elastic moduli in the lateral and transverse directions are the

same.

Each layer is a thin plate, and therefore the layer is considered as a plane stress problem

in the analysisThe straiii stress relation for a lamina under a plane stress case is obtained from

eq. A.2 by settin 33 =0, 4; =0, ;£ 6, which is written as

T.éen 9 ,Sﬁ S. O N TQlé
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The coefficients of compliance matr& are available in eq. A.3. The plane stress
reduced constitutive relation for an orthotropic material is obtained by inverting edqr 4.

constitutive relation of a thin orthotropic layer is given as

l-e.sll ,FJ ,Qs\f‘q Q. O 2
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where o, are the coefficients of the plane stress reduced stiffness r@atdiven by
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Note that the reduced stiffness matri xos
constantsE, E,,17,,, andG,, . The global coordinate system §, z) for a laminate plate and

local coordinate systeni,(2, 3) for a lamina are now considered.

The strain in the laminate from classical laminate theory is written as

e, & & ke, {4={9 #K (A7)
%gxyi'll' byl k&yl

where ESX and eSy are midplane strains in the Iaminat@y is the midplane shear strain in

the laminateX,, and kyy are bending curvatures in the Iamind{g;is the twisting curvature

in the laminate; andis the distance from the mjglane in the thickness direction.

The constitutive dation for a laminate is written as
{s}=80 g% (A.8)
where 6” are the transformed material constants. The elemeﬂf_t}j @fre then given as
Q gl [T’ (A.9)

where [T] is a transformation matrikl30]. Equation A.8 is the constitutive relation for the

horizontal plate based on laminate modeling and is useful to account for constitutive material

behaviour in the stress analysis.
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Now considethe constitutive material behaviour of the vertical plate of tixeacket,
which is printed in the upright orientation. The build orientation of this plate is different from
that of the horizontal plate, and therefore the material behaviour is not satinat as a
horizontal plate. As discussed earlier, the layer deposition is not in the direction of the thickness.
Therefore, the constitutive relation of the laminate (eq. A.8) cannot be applied to the vertical
plate. Also, the planstress assumption féine constitutive relation doe not hold true for the
vertical plate, as the thin layers are not aligned with thesuithce of the plate. However, the
printed plate in the upright orientation displays orthotropic material behaviour, and therefore
an orthotopic constitutive relation (eg. A.1) can be used in the stress analysis. The stiffness
values in the constitutive matrix of the orthotropic material are unknown and are therefore
computed to account for the material behaviour in the stress analysigpaftthEhe numerical
homogenization procedure can be used to compute the stiffness values of the constitutive matrix
of the printed part. The following section covers the constitutive material modeling of the

horizontal and vertical plates of thebtacketusing the homogenization technigue.

A.3.1 Homogenization for printed parts

The representative volume elements (RVES) of the horizontal and vertical plates
(Figures A.3a and A.3b) are taken from the mesostructure of the plates (Figure A.2b). The RVE
of the horizontal plate is taken from only a single layer of the plate (markecoreg fia o i n Fi ¢
A.2b), and then the constitutive matrix of the layer can be computed using homogenization.
The homogenization procedure presented in chapter 6 is adopted here to calculate the
constitutive matrix. Then, the matrix is used in the constéutelation of the laminate to
characterize the material behaviour of the horizontal plate. As we know, laminate theory cannot

be applied for the vertical plate, and therefore the RVE of the vertical plate cannot be taken
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from a single layer. The RVE ofite v er ti cal pl ate, marked regio
the plate (Figure A.2b), represents the fibers of the three adjacent layers. Then, homogenization

is employed to calculate the effective constitutive matrix of the printed vertical plate.

(@) (b)
Figure A3. RVE of the printed plates in theliracket: (a) horizontal plate; (b) vertical plate.

A.4 Results and Discussion

This section presents the constitutive material modeling of the plates of {hend&x
L-bracket. Let us take theliracket fabricated via FFF with the following process parameters:
lines infill pattern; 100% infill density; raster angle 0° and 90° toxtaxis; layer thickness
0.317 mm; and 10% overlap between adjacent fibers. The raster angle represents the printing
direction of fibers in the layers; in the present case, the fibers in subsequent layers are
perpendicular to each other. These procesanpeiers define the size and orientation of the
fibers in the mesostructure of the printed part. Consider that the thickness of the plates of the
L-bracket is 3.85 mm. The crassctional shape of the fiber after deposition of the material is
elliptical [15,57] The length of its major axis is approximately double the length of the minor
axis, and the length of the minor axis is equal to the layer thickness. It is assumed in this analysis

that onding between the fibers and layers is perfect.
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The filament material considered in the analysis is ABS. The isotropic material
properties of ABS[129] are E = 2230 MPa and?=0.34. The RVE is taken from the
mesostructure of the plates, with its size and shape depending on the process parameters and
build orientation of the plates. The RVE is defimedhe local coordinate systexn X2, andxs,
whose axes are aligned in the direction of the length, width, and thickness of the plates,
respectively. The thredimensional continuum eigimode hexahedron FEs, C3D8, are used in
the FE modeling of the RVEs. FE modeling is done in Altair HyperMeshhamogenization
is then done using Abaqus (Dassault Systemes). The RVE is subjected to six different strains,
applied individually using periodic boundary conditions. That means six different load cases
are prepared for six unigue strains to determinei@own elements in the constitutive matrix

C. The strains applied to the RVE in the present analysis &reg, .. 0.01 and
é, £ & 0.00%

Now, consider homogenization of the horizontal plate of the 3D printed structure. The
di mensi ons oX= tCh.e2 OR¥nEM,a 4@ oem0.31am.dlrhegpE model
is shown in Figure A.4. The FE simulation for homogenization of the material was then carried
out, and the unknown elements of the orthotropic constitutive matrix werelated. The

elements of the constitutive matrix are presented in Table A.1.
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AV

Figure A4. FE model of an RVE from the horizontal plate of abriacket.

Table Al. Constitutive matriXCix, in MPa)for the material of the 3fprinted horizontal
plate of an Lbracket.

C 11 22 33 23 13 12
11 2802.7 1136.6 1150.2 0.0 0.0 0.0
22 1136.6 2299.4 1043.5 0.0 0.0 0.0
33 1150.2 1043.5 2339.6 0.0 0.0 0.0
23 0.0 0.0 0.0 637.8 0.0 0.0
13 0.0 0.0 0.0 0.0 678.0 0.0
12 0.0 0.0 0.0 0.0 0.0 674.3

The elastic moduli of an orthotropic material can be calculated from the constitutive
matrix using eq. A.3. The elastic moduli for the-BBnted horizontal plate are provided in
Table A.2. The stress contours in the RVE for six different deformation nawdesmilar to
the earlier case outlined in the previous chapter. The interface between the adjacent fibers of a
layer is the weakest region and is subjected to maximum stress. The interface is therefore more

prone to the initiation of cracks in all siefdrmation modes.

153



Table A2. Elastic moduli E andG; in MPa) for the material of the 3printed horizontal
plate of an Lbracket.
Material property  Value

E, 2025.1
E, 1660.2
E, 1686.4
G, 674.3
G, 6780
Gy, 637.8
N, 0.34
Ny 0.34
Ny 0.30

The material behaviour of the horizontal plate is characterized using the constitutive
relation of the laminate, eq. A.8. It accounts for the effect of printing direction and layer
thickness for the constitutive material behaviour of a printed part. The dsskof the
horizontal plate is 3.85 mm, and the layers in that plate are 0.317 mm thick. Therefore, the plate
would consist of 12 layers of equal thickness. The stacking sequence of the layers with a defined
raster angle in the horizontal plate is thereff°/90°k. The horizontal plate behaves like a
laminate, and therefore the constitutive relation for a laminate can be used to characterize the

mechanical behaviour of the plate using classical laminate theory, as described in chapter 4.

Next, let us cosider numerical homogenization for the constitutive material modeling
of the 3Dprinted vertical plate of the-bracket. The build orientation of this plate is upright,
while the horizontal plate is flat. As explained earlier, build orientatidluences the
mechanical properties of printed parts. Consider that the thickness of this plate is the same as

that of horizontal plate, 3.85 mm. The RVE of the plate is taken from the mesostructure of the
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vertical plate (Figure A.5). This figure showsdi er ent | e n g txhosthedRVE di men s

from the mesostructure of the vertical plate.

Figure A5. RVE of the vertical plate of an-bh r a ¢ k ext egual$ the)thickpess,of the
pl at exzequalb Q.12&p

Let usconsider the RVE shown in Figure A.5b. This RVE consists of the fibers of three
adjacent layers, which are oriented perpendicular to each other. Its architecture is different from
the RVE of the horizontal plate, which represents only a single layer. Biedayers of the
plate do not act as laminae, laminate theory could not be employed for this plate, as explained
earlier. The RVE represents the direction of the fibers in the subsequent layers and their
thickness. Further, it accounts for the effecboild orientation of the layers of the plate. The
di mensions o0X%= th.e4d v, a 62 osm0.48anmdThegFE model
of the RVE (Figure A.5b) was simulated for six different load cases. Then the unknown
elements of the orthotropic cdigtive matrix were calculated, with the results presented in
Table A.3.

Table A3. Constitutive matrix Cix, in MPa) of the 3Eprinted vertical plate of an-bracket
(for an RVE wi=0.bh25)di mensi on
C 11 22 33 23 13 12
11 2290.3 684.6 627.8 0.0 0.0 0.0

22 684.6 1589.7 508.1 0.0 0.0 0.0
33 627.8 508.1 1456.1 0.0 0.0 0.0

23 0.0 0.0 0.0 4911 0.0 0.0
13 0.0 0.0 0.0 0.0 58388.0 0.0
12 0.0 0.0 0.0 0.0 0.0 5616
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The stress contours and the deformation modes of the RVE subjected to six unique
strains are shown in Figure A.6. In all deformation modes, the maximum stress is at the interface

of the fibers. The deformation mode of the case whgre is more prone to a crack initiating

at the interface of the fibers, because this is the case with the highest stress. The RVE of the
horizont al pl ate is taken from xaoftbe RVEise | aye
equal to the thickness die layer. However, for the RVE of the vertical plate, the dimension

s in the thickness direction affects the constitutive matrix of the plate, and its influence is
investigated in the foll owi ng=028 0.5 andDasf f er ent
seen in Figure A.6a, were taken from the vertical plate for the investigation. Then, FE models

of the RVE were simulated for different load cases. The computed constitutive matrix for these
different load cases is presented in Tables A.4, A.5AaB\d~urthermore, to study its influence

on thicker plates, simul ati onx=2 ahichyeldédso per |

the same resultsx=atg the previous case (@
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Figure A6.St r ess contour s i n xt=0.25&®M&Evertical pldie olan me n s i c
L-bracket subjected to different strains.

Table A4. Constitutive matriXCi, in MPa)of the vertical plate of an-bracket (for an RVE
with di med28). on
C 11 22 33 23 13 12
11 2337.2 7179 7426 0.0 0.0 0.0
22 7179 16179 5935 0.0 0.0 0.0
33 742.6 5935 1745.2 0.0 0.0 0.0

23 0.0 0.0 0.0 526.0 0.0 0.0
13 0.0 0.0 0.0 0.0 600.8 0.0
12 0.0 0.0 0.0 0.0 0.0 562.7
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